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FOREWORD

This report was prepared by Solar, a Division of International Harvester
Company, San Diego, California, on NASA MSFC Contract NAS 8-11303, The work
was performed under the direction of the Propulsion and Vehicle Engineering Division
of the George C. Marshall Space Flight Center, Huntsville, Alabama. Mr. P. G. Haas

was the contracting officer's technical representative.

The work presented herein began in June 1964 and was concluded in January
1966. Solar was the prime contractor and the effort was under the direction of the
Aerospace Engineering Activity with Mr, H. T. Mischel as Program Manager. Major
contributors to the program were Messrs. C. S. Martin, O. Abegg, and D. H. Betts
of the design group; Mr. D. T. Shen, Stress Analysis; and Messrs. M. A. Gould and
R. L. Neher, Testing, Mr. A. E. Maruniak contributed in providing project liaison
services. Mr. D. T. Shen is particularly acknowledged for his contribution in the

improvement of the bellows instability prediction method.
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ABSTRACT
/2260
This report presents a description of the work performed in attempting to
improve the state-of-the-art in the technology of liquid hydrogen flexible ducting for
space flight vehicle applications.

The various components which make up a typical LH2 flexible ducting system
were segregated and individually studied for areas of possible improvement. Areas
where information was lacking were designated for further analytical and empirical
studies.

A boltless flange concept was developed and subjected to limited testing.
Tubing was studied from a material substitution standpoint; and a flexible elbow con-
cept was developed but not tested. Flexible joints were studied at length and a low-
profile gimbal joint was fabricated and tested. Various materials and material com -
binations were tested to obtain data for designing spherical ball joints which could
operate in a vacuum. An improved analytical method for predicting critical squirm
pressure of bellows was verified in an extensive testing program. A non-rigid vacuum

AT e

insulation was conceptualized but not tested.
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1

INTRODUCTION

This is the final report of the work performed by Solar, a Division of
International Harvester Company on the study to improve the state-of-the-art of the
technology of flexible ducting for liquid hydrogen space flight vehicle applications.

The work was performed under National Aeronautics and Space Administration,
George C. Marshall Space Flight Center, Huntsville, Alabama, Contract No.
NAS 8-11303. The period during which this work was performed was June 1964 to
January 1966.

The purpose of this program was to investigate flexible ducting designs and
the properties of materials applicable to liquid hydrogen flight service. In addition,
the program was to develop new and unique designs and determine their fea51b111ty

in this demanding realm of performance requirements.

All the study work was performed in pursuit of the following desirable system

and components features:

¢ Improved reliability

¢ Increased fatigue resistance
¢ Increased bellows stability
¢ Increased fabricability

® Reduced weight

¢ Reduced deflection forces

® Reduced heat transfer

In designing a system for specific vehicle applications, the desired reliability
consists of first, the establishment of a design which will demonstrate, analytically,
adequate margins of safety to do the job; and second, the selection of basic design
techniques which stipulate the use of predictable and consistently reliable materials
and manufacturing processes. For the initial part of the study, the second reliability
criteria was the measure against which component improvements were compared. For

ithe actual development of hardware the entire concept of reliability was appiied.



Seeking improved fatigue resistance required the consideration of the per-
formance parameters which generate the cyclic stresses and the components which are

the particular failure peints in these regimes.

To seek increased bellows stability narrowed the discussion to studies of the
flexible joints,

To seek reduced weight required the determination of those components which
make up the largest percentage of the total system weight and those components which

have complex systems of load distribution,

Reduced deflection forces were assumed for this study to require the con-

sideration of only flexible joints; however, a concept for a flexible elbow is advanced.

For reduced heat transfer, this study was restricted to nonvacuum jacketed
systems. For clarification it is necessary to state that this did not include nonvacuum
systems but simply metallic, rigid vacuum jacket structures. It is postulated that the
presence of a vacuum is essential to the achievement of the insulation quality required

for liquid hydrogen flight service.

Increased fabricability was an underlying requirement for all the concepts
which were generated during this study. Experience gained by Solar during the
development of systems, such as the liquid hydrogen feed ducting for the Saturn S-II
stage, formed this necessary discipline.

An evaluation of the various components which make up liquid hydrogen trans-
fer lines was made early in the study. This evaluation was to determine those com-
ponents which most affected the areas of improvement and, therefore, those which
when improved would result in the greatest benefit. The following components are
found in a typical liquid hydrogen flexible ducting system:

e Flanges

¢ Tubing

¢ Flexible joints

e Insulation (including associated equipment such as found in rigid

vacuum jackets)

The study effort was devoted to each of these component types; however, the degree of
study concentration was proportional to the total system improvement which would
result from the improvements of each.




The study of flanges was aimed at weight reduction since the flanges make up
a considerable portion of the weight of relatively short systems.

During this program a concept for a boltless flange, which appeared to offer
the greatest benefits in the areas of weight reduction, was developed. A model was
constructed and limited testing was performed.

For the sake of the study, the tubing was considered to be an area where con-
siderable effort would result in the least gain. Admittedly, the weight of tubing forms
a large percentage to the total weight of long systems. However, the simplicity of the
structure precludes much gain from design improvements. Suggestions are offered
for the use of new materials to afford weight reductions and increased fatigue resistance.

Flexible joints offer the most fertile area for improvement since the flexible
joint, besides being one of the larger mass members of the system, essentially
determines the deflection forces and the fatigue limits of the entire system under
dynamic environments. The joints are also the source of greatest difficulty from the
standpoint of fabrication. A considerable amount of effort during the study was devoted
to investigating the gimbal joint as an assembly, and to improving the individual com-
ponents which make up the gimbal joint.

Insulation was treated from a design standpoint, and a concept for a nonrigid

vacuum jacket is advanced.

As previously mentioned, the major portion of the work was concentrated on
the gimbal joint. Early in the program, design parameters for gimbal joint com-
ponents of liquid hydrogen flexible systems were studied. Following this, a gimbal
joint optimization study was performed resulting in three concepts for optimum gimbal
joints. Of these, one gimbal joint was fabricated and tested.

Work was alse performed in the area of bellows instability, This work re-
sulted in the improvement of the analytical techniques which has greatly increased the
accuracy of instability prediction methods. An extensive testing program was conducted

to verify the improved method.

One of the suggested concepts, a ball joint, was analyzed to determine the
design areas where information is insufficient for optimization purposes. The primary
area was found to be the fatigue life and friction forces of surfaces in sliding contact
in a vacuum. Therefore, to provide this necessary data, a test program was per-

Lo
wrinea,



In summary, this program has permitted the attention of the investigator to
focus on the individual subassemblies which make up a production system and the
details of those subassemblies where improvements can be achieved. A new gimbal
joint design has been demonstrated to achieve higher structural efficiency with much
lighter weight. An improved analytical technique has been developed for predicting the
critical instability pressure of bellows. A basis for permitting the designer a more
definitive choice of materials and surface loadings for use in bellows-sealed ball joint
designs has been developed. The program has by no means tapped all the avenues
where improvements can be made and, in those areas investigated, has not reached
the final degree of optimization that is possible. This report therefore presents the
work, designs, test data, and comparisons to existing hardware that was developed
during the program and also presents the conclusions reached by the investigators.
Finally, this report presents the recommendations for future study which is felt to be
the next logical step from this completed work.




FLANGES

A concept for a boltless flange was developed as an outgrowth of NASA
Industrial Applications Flash Sheet (identified as LEWIS-51), which depicted an approach
to the attachment of end caps to tubes for creating lnexpensive, high-pressure cryogenic

bottles for laboratory use.

The concept involved the use of a low-melting temperature metal as a seal,
and a structural attachment for joining flanges without the use of bolts. The joining

concept is shown schematically in Figure 1. The advantages to the concept are:

e Boltless attachment, thereby eliminating the problems of flange orienta-
tion, bolt installation clearances, and bolt torque relaxation

¢ Reduced envelope and weight

e Accommodation of axial and angular misalignments
¢ Seals can be made regardless of flange face finishes
e Less costly

A design of the boltless flanges was made using the design requirements of
Saturn S-II stage, 3-inch hydrogen tank pressurization system flanges for comparison.
A set of these flanges have a total weight of 5.3 pounds without bolts and seals. The
boltless flange set has a weight of 1.5 pounds or a reduction of 71 percent. The

dimensions of these two flange sets are compared in Figure 2.

A set of flanges was fabricated and welded to tubing for experiments to
optimize design details and the selection of low melting metal. The actual experimental
flanges are shown in Figure 3.

Initial experiments used a solder which had been subjected to cryogenic test-
ing by General Dynamics/Convair under Contract AF33(616)-7984. The solder used
was a lead solder, commercially sold as Claude-Michael No. 20. This material did
not appear to be successful in creating a seal since, without flux, it tended to ball up

and couiract in the cavity. The joint was again remade wiih Cerrobend, a low-melting,
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FIGURE 3.

EXPERIMENTAL BOLTLESS FLANGE




lead -tin-antimony -bismuth alloy with a melting temperature below boiling water. This
Cerrobend alloy is currently being used by NASA-LeRC in their pressure bottle appli-

Pressurization to 150 psi verified the strength of the joint, however.

Investigation of the joint indicated the need for changes in the groove design
to prevent entrapment of air and to determine the complete filling of the cavity with the
liquid metal.

While it was generally agreed that the concept was sound, subsequent work
was discontinued due to the inability of the solder-type materials to accept temperature
cycling. Further development would necessitate extensive experimentation with various
other media, such as nonmetallics, which this program could not support.
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TUBING

As a result of their simplicity as structures, the tubing components of ducts
offered the fewest avenues of improvement over those currently used. The most
flexible area of tubing, with respect to changes, is the basic materials of construction.
An obvious improvement would be to utilize higher strength-to-density materials to
achieve weight savings. However, experience has indicated that the substitution might
not be as simple as it sounds. For example, the dynamic characteristics of various
materials, i.e., the amounts of internal damping or energy absorption which can be
realized is not well understood and requires a separate analytical and empirical study.
The practical problems of joining and fabrication of adjacent flexible components of the

same materials must be considered, but are not unsolvable.

Coincident with this program was another in which a materials survey was
made. The purpose of that program was to solve the problems of fabricating bellows

of lighter materials such as aluminum and titanium alloys.

Two materials are presently in use for high-pressure and low-pressure
systems, Corrosion resistant stainless steels, primarily Type 321, is the material
used in low-pressure systems where practical handling and rigidity considerations
preclude wall thicknesses based wholly on hoop strength and low bending load consid-
erations. Inconel 718, a niékel—base, age hardenable, material is the choice for high=~

pressure applications where hoop stresses are the deciding criteria.

In future ducting systems for LH, service, it can be envisioned that low=-
pressure applications can be handled by aluminum tubing which, for the same wall
thickness determined by the same considerations as Type 321 stainless steel applica-
tions, would result in ratio of densities weight reduction. High-pressure service may
be handled by titanium alloy (Ti-5A1-2.58n) which exhibits adequate properties at -423 F,

During the program, a concept for a flexible elbow was advanced. In actuality,
the concept involved the entire ducting system in that a series of flexible tubing elbows
replace flexible joints. The flexible elbows are basically ovalized, multilayer tubing
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elbows as shown in Figure 4. Multilayering and ovalizing reduces deflection forces
about axis A-A. Multilayering also retains the pressure carrying capability of the

system. Resistance to torsional deflections is also reduced in this structure.

The multilayering achieves the low deflection forces in a manner similar to
multilayered, or multiply bellows. This is accomplished by substituting thinner bending
members with zero shear interfaces for thick members with relatively high section
moduli. Ovalizing reduces the overall section modulus and lower resistance to further
flattening is obtained by the multilayered radii at the neutral axis A-A.

As shown in Figure 4, an "S'" ghaped duct with two elbows capable of bending

and twisting could replace a three gimbal system.

The flat plate at the inside and

outside elbow surfaces appear to present problems in resisting bowing due-to internal

pressure. Lateral stiffening members could solve this problem.

Time and funding did not permit further efforts in pursuit of this concept and
its presentation in this work is based upon idealizations. The possibilities of benefits

to ducting systems warrants its mention, however, and the recommendation for

further investigation,
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4

FLEXIBLE JOINTS

Flexible joints offer the most fertile area for improvement with the greatest
possible degree of success. The type of flexible joint most commonly used in space
vehicle ducting is the bellows-sealed, gimbal-type joint. The details which make up

a gimbal joint (Fig. 5) are a bellows seal, two end flanges with integral lugs, a gimbal

ring, and four rotational pins. The primary use of the gimbal joint is to provide a

point of flexibility in the ducting system. Flexibility is necessary for accepting relative

motion between the end flanges caused by deflections in the vehicle structure or the
duct system itself. These motions can be induced by the dynamic environment or by
thermal changes. The standard gimbal joint is heavy with respect to the tubular
portions of the line since, in order to provide flexibility, the transmission of loads
across the bellows is complex. This complexity is the result of point loadings of the
gimbal flanges and the gimbal ring. An additional function of the gimbal joint is to
provide, by friction in the pins, a degree of damping for energy absorption during
dynamic conditions,

Optimizing this flexible member can be accomplished by two approaches:

¢ Studying the deficiencies of the existing gimbal joint design methods with
the goal of improving this basic design.

e Generating new concepts of flexible joints to replace the gimbal type
universal joint.

This study did both since the benefits to be gained by both methods warranted the
effort,

The existing gimbal-type universal joint has been the subject of considerable
refinement over the years and its advantages as a flexible joint are attested to by its

use in practically all ducting systems found on space vehicles. The optimization study

11
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of this joint was performed in a logical manner with the guiding principle being to
investigate:

¢ The parametric considerations which govern the design of each of the
details which make up the assembly.

¢ The interrelationship of each detail and subassembly with regard to how
each affects the design of the others.

4.1 DESIGN CONSIDERATIONS FOR GIMBAL JOINTS
The design considerations for gimbal rings are:

¢ The inside diameter of the ring is controlled by the outside diameter of
the bellows and the required amount of angulation.

* The outside diameter of the ring is determined by strength and rigidity
requirements and envelope limitations stemming from the proximity of
other structure or equipment in the vehicle installation.

e The width of the ring has to provide sufficient material to accommodate
the holes for the pins with adequate edge distance. The structural
requirements for resisting bending and torsion stresses must be
adequately provided for in gimbal ring width.

12




The design considerations for gimbal flanges are:

¢ The inside diameter of the flange is controlled by the inside diameter of
the duct and the bellows.

* The outside diameter of the flange is controlled by the position of the lugs
which have to mate with the gimbal ring, Thus, the outside diameter of
the gimbal ring governs the outside diameter of the flange.

e The width of the flange lugs is controlled by structural considerations
and must provide sufficient material to accommodate the gimbal pins.,

e The length of the flange lugs is governed by envelope, structural, and
angulation requirements. The greater the angulation the longer the lugs.

e The thickness of the flange lugs is governed by the structural and
envelope requirements.

The design parameters for gimbal bellows are:
¢ The inside diameter is controlled by the inside diameter of the duct.

e The outside diameter of the bellows is controlled by spring rate, angular
deflection, structural, and envelope requirements.

e The length of the bellows is controlled by spring rate, angular deflection,
structural, and envelope requirements.

The design parameters for gimbal pins are:

e The diameter of the pin is governed by structural and envelope require-
ments. The pin must provide a large enough bearing area and be
structurally adequate to resist shear loads transmitted through the
bellows and gimbal ring.

e The length of the pin is governed by gimbal ring and clevis lug thickness.

The gimbal ring weight varies as the square of the ring diameter. When the

gimbal ring diameter is increased the following equation applies:
W = wD? -d?)

where: W = new weight
w = existing weight
D = new gimbal ring diameter
d

= existing gimbal ring diameter

The load the gimbal ring has to withstand is affected by the mean diameter of the
bellows which determines the effective pressure area. Therefore, the weight of the

- 1 A | g
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When the bellows mean diameter is increased, the pressure induced load

increases to:

F = iD 2 _ d 2
Fo= Wy m /
where: F = new load
f = existing load
Dm = new mean diameter
dm = existing mean diameter

This increased load affects the torsional stress (0’ ) in the gimbal ring:

_ 0,207 Pr
¢ = "5 (approx)
. abh
= load per pin = f/2

= mean radius

where:

shape coefficient
= width of gimbal ring
= thickness of gimbal ring

5 o R w W
B}

An increase in the bellows mean diameter therefore would increase P in the
torsion formula by (Dm2 - dmz), resulting in an increase in the ring torsional stress.
To maintain the same torsional stress, the denominator would have to be multipled by
(Dm2 - dm2). Since "b'" or "h" can be affected by (sz - dmz), we choose the thickness
"h'" from the above expression for o_. This involves the least increase in weight and
envelope size. Thus, the new '"h' would be equal to:

\/ n2 (@ 2-4_%
m m
The effect of increasing the mean diameter of the bellows on the bending
stress (ob) in the ring must also be considered.

_ _Pr
%y T 2a/0)
where: P = load per pin = /2
R = mean radius
hb>
I/C = section modulus = .

14




The increased pressure load due to the increased bellows mean diameter
would result in P being multiplied by (sz

ring bending stress. To maintain the same ring bending stress, the denominator must

- dmz) with a corresponding increase in

also be multipled by the same value. In this condition, we have the reverse of the

torsional stress situation and must consider the width '"b'" as the parameter affected,

Thus the new "b" would equal bz (sz - dmz).

Thus, in comparing the torsion and the bending condition, a different shape of
gimbal ring would evolve to meet each condition. The width would be proportionally
more than the thickness for bending, and the reverse would be true for torsion. The
best compromise for torsion, bending, and weight consideration is somewhere between
the optimum shapes for each.

4.2 DOUBLE-SHEAR AND SINGLE-SHEAR GIMBAL JOINTS

The double-shear gimbal appears favorable from the point of view of distribu-
tion of shear load on the pins and ease of assembly. To offset these advantages, the
single-shear gimbal offers a smaller envelope, less weight, and less complex machin-
ing, with resultant lower cost. A disadvantage of the single-shear approach is pin
support. It is difficult to make a rigid attachment when the pin is being supported at
one end. The weld is much more critical and subject to proportionally higher loads
- than the pin weld in a double-shear assembly. There are problems in installing the
pin and welding it in position. The diameter of the pin must be larger to withstand the
higher shear load.

4.3 THE EFFECT OF ANGULATION

In comparing the 8-inch diameter gimbals for the liquid hydrogen and liquid
oxygen feedlines for the Saturn S-II stage, it is literesting to note how a change in one
design requirement drastically affects the weight. The operating considerations for
both of these gimbals are very similar. The one condition that is considerably
different is the amount of angulation required. The liquid hydrogen gimbal was re-
quired to angulate through a total angle of 12 degrees and the liquid oxygen gimbal was
required to angulate through a total angle of 18 degrees. Because of this difference in
angulation (requiring greater clearances), the weight of the gimbal had to be increased
from 11.77 to 15.17 pounds (approximately 30 percent weight increase). The weight
penalty for *+3 degrees is 3.40 pounds.

15



4,4 PROBLEMS ASSOCIATED WITH ANGULATION OF GIMBALS AT 45 DEGREES
TO THE PINS

When a gimbal assembly is angulated in a plane at 45 degrees to a plane
through the pin center lines, a torsional stress is imposed on the bellows. Because of
pin clearance and small deflection of gimbal components, this torsion is not apparent
in most gimbals which do not exceed 9 degrees angulation in a 45-degree plane. Con-
sequently, this torsion has not constituted a problem in designing gimbals which do not
have excessive angulation. However, when angulation is required in excess of 9 degrees
in the 45-degree plane, the torsional stress rapidly increases and could have cata-
strophic consequences if not provided for in the gimbal design. The lugs would also be

subjected to high torsional stresses which would be transmitted to the duct.

If an elbow or short straight section were adjacent to the gimbal, severe
stresses may be imposed with resultant buckling. Particular attention should be given
to the location of gimbals in the line and in gimbal orientation to avoid excessive angu-

lation in a plane at 45 degrees to the pins.

4,5 GIMBAL JOINT OPTIMIZATION STUDY

With this understanding of how the design parameters affect the individual
gimbal joint details, a study was made of an existing gimbal joint with the goal being
to optimize the design. This work was a three phase effort consisting of:

e Optimizing the joint by concentrating on the gimbal ring and ring-lug
attachment since the ring is the heaviest single member in the joint

o Investigating the possible weight reduction by simply changing materials
¢ Developing new flexible joint concepts to replace the existing gimbal joint
4.5.1 PhaseI - Gimbal Ring and Attachment Optimization

The gimbal joint to which this optimization is being compared contains a
double-shear, ring-pin-lug attachment. The double-shear attachment is desirable for
easing the pin and pin attachment problems. Double-shear also loads the ring as

shown below:

where: P = 1/2 pressure plug load
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These loads produce bending and torsional moments in a ring which varies from zero
to a maximum and which are out of phase by 45 degrees. These moments are shown
by the expressions:

Maximum bending moment = 22—1: (in plane of pins)
Maximum torsional moment = Pr 02‘ 414 (at a 45-degree angle to plane
of pins)

If the ring can be loaded eccentrically such as shown below, additional moments occur.

These moments are expressed as:

Maximum bending momente = % € (at pins)
+ .
(torsional moment)e = —? € (at pins)
-Pr

= —— €2 (at a 45-degree angle to the pins)
Positive moments relate to those shown in the original case where:

€ = % and ¢ < 0 if e is outside ring

¢ > 0 if e is inside ring

Summing these moments along the circumference of the ring yields moment
distributions such as those shown in Figure 6. Loading the ring with an external
eccentricity would induce higher ring stresses; therefore, it is advantageous to provide

an eccentric load which is applied inside the ring. The attainment of the beneficial
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effects of this eccentric loading requires lug designs which do not resist the develop-

ment of these moments. In other words, the lug attachment should be maximized for
v tensile loads and remain flexible to lateral loading and rotation. Therefore, the
gimbal lug should, in theory, be nothing more than a plate or block heavy enough to
attach the pin, or to reduce the bearing stresses induced by the pin during cycling and
pressure loading. This plate or block would in turn be attached to the lug flange by a
thin strap.

This simplified approach does not take into account the lateral load components
which occur during angulation and vibration. Modifying the concept to accept this
yields the idea of a lateral rcstraining device which is attached to the duct at more than
45 degrees to the plane of the pins and to the lug plate as shown in the following sketch,

THIS MEMBER HAS
LOW RESISTANCE TO
"M" BUT RESISTS FL, FS

The optimum cross sectional shape of the ring would be a hollow box beam

member from practical as well as strength considerations.

Since the ring need not be attached to the lug, a freer choice of materials is
available. The use of titanium is recommended because of its high strength-to-density
ratio. Sufficient sections can be maintained to overcome the low modulus of titanium
with regard to the stainless steel or nickel-base alloys commonly used today.
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4,5.2 Phase II - Retaining the Basic Gimbal Concept and Changing Materials

With the assumption that the bellows can be fabricated from a titanium alloy
(Ti-5A1-2,58n), and investigating the stresses developed in the existing Inconel 718
design, no change in convolution geometry was necessary. Therefore, the weight
reduction is simply a function of the ratio of densities.

Assuming no other changes in the shapes of the other gimbal components,

their weight reduction is a function of the ratio of material densities which is:

Titanium

Inconel 718 0.58

This assumption is felt to be valid since the yield strength of the titanium alloy under
consideration is reported to be as high as Inconel 718 at cryogenic temperatures.
4,5.3 Phase IIl - New Flexible Joint Concepts

Low-Profile Gimbal Joint

Reducing the gimbal ring diameter results in a direct weight reduction.
Normally, the gimbal ring of externally structured gimbal joints must have an inside
diameter large enough to clear the bellows during angulation. The low-profile gimbal
joint has the bellows divided into two segments (dumbbell-shape), the space between
consisting of line-size tubing. This space is utilized for reducing the gimbal ring

diameter.

The original concept considered a spherical surface in the space between the
bellows segments. The spherical surface had its center at the center of rotation of
the joint and was intended to suppress bellows instability by restricting lateral transla- |
tion of the bellows centerline. A motion study revealed that the intermediate tube, if
restrained to rotation only about the gimbal center, would cause excessive offset
deflections in the bellows segments,

This flexible joint was chosen for further study and reduction to hardware.
Since bellows fatigue life was not in question (the fatigue capability of the bellows is
capable of being varied by design with little or no change in structure), only ultimate
strength tests were performed on this unit. The joint dimensions are shown in
Figure 7 and the actual joint is shown in Figure 8. The material of the joint is
Type 321 stainless steel, including the bellows; the gimbal ring is titanium alloy,
Ti-6Al-4V; and the pins are Haynes Alloy 25 (1.605). The design was compared to ar
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FIGURE 8, LOW-PROFILE GIMBAL JOINT

existing gimbal joint now being used on the Saturn S-1C stage fuel pressurization
system. The existing gimbal joint was fabricated entirely from Inconel 718 and weighed

approximately 4.5 pounds while the low profile joint weighed 1.7 pounds.

Admittedly, the low-profile design achieved part of its weight reduction by a
reduction in marging of safety. These reductions, however, were not to levels below
design ground-rules. Specifically, the gimbal ring margin of safety in torsion was
reduced until the torsional stress was equal to ultimate at design burst pressure,
whereas the Saturn S-IC gimbal joint ring did not yield at burst pressure. By this
method, small increases in ring weight greatly increase ring section modulus and
therefore the margin of safety. Also, the low-profile gimbal was not subjected to
dynamic tests as an integral part of a ducting system. This dynamic environment
however, is not expected to affect the assumptions since the decreased mass of the

new design would contribute to lower system responses.
The basic weight reduction has been achieved by:
e The small gimbal ring
e Utilizing titanium for the gimbal ring material

e The reduced eccentricity in the lug-to-tube load path as a result of the
smaller ring

e The use of a thin cone as a lug flange for carrying the load from the lug
to the tube as opposed to a machined flange which is essentially a thick,

flat plate
23




FIGURE 9.

INSTRUMENTATION FOR ULTIMATE
STRENGTH TESTING OF THE LOW-
PROFILE GIMBAL JOINT

FIGURE 10. STRESS MEASUREMENT WITH STRESS-
COAT LACQUER
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The ultimate strength test consisted of pressurizing the flexible joint internally
to failure. Six strain gages were fixed to the joint; three located on the lug adjacent to
the lug-to-cone attachment weld, and three located on the cone itself (Fig. 9). The
location of the strain gages was intended to determine the ability of the light lug and
cone combination to distribute the concentrated pin load into the duct wall over a large
part of the duct circumference. The unit was also coated with stress-coat lacquer to
observe the strain which was occurring in all the gimbal members (Fig., 10). Failure
occurred at 780 psig by failure of the pin-to-lug welds resulting in separation of the
gimbal structure (Fig. 11). The failure is attributed to the torsional/bending failure
of the titanium gimbal ring. The distortion of the lug and ultimate tearout of the pin
from the lug was caused by the rotation of the ring at the pin.

Bellows squirm occurred between 550 and 600 psig. An instability analysis,
using the method developed during the program, predicted that squirm would occur at
572 psig. At 650 psig, the convolution adjacent to the gimbal ring contacted the ring
edge and continued thereafter to fold itself around the ring.

In summation, the gimbal structure (except for the ring) exhibited strengths
in excess of that required for the burst requirement. The failure of the ring indicates an
area where improvement can be achieved by a minor change if uprating of the gimbal
is desired. For example, if the ring rigidity can be increased, thereby avoiding lug
distortion, the cone appears to be capable of carrying additional loads. Increased
rigidity of the ring can be gained by small increases in ring width, If additional
strength is desired, another ring can be installed on the outside of the lug with no
changes to the lug and cone designs; however, some modifications to the pin attachment

would be required.

Four-Lug Gimbal Joint

The concept shown in Figure 12 is primarily intended for large diameter
flexible joints where achieving rigidity in lug flanges, subjected to the standard two-
point loading, offers weight penalties which can be excessive. The joint consists of
two concentric gimbal rings, each carrying half the end load. Each end-flange contains
four lugs, one set pinned to the outer rings and the other set in a plane 90-degrees
from the plane of the first set and pinned to the inner ring. Each flange is identical
except rotated 90-degrees from the other. In essence, two gimbal joints are created

which are coincident with each other. Each lug carries one-fourth the end plug load;
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FIGURE 11. FAILURE OF THE LOW-PROFILE GIMBAL JOINT
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FIGURE 12. FOUR-LUG GIMBAL JOINT CONCEPT

the total load, therefore, being distributed into the flange at four points (every 90
degrees). Conservative analyses indicate that the section modulus of the four-lug
flange can be reduced to approximately one-half that of a two-lug flange for the same

diameter and working pressure.

Bellows=Sealed Ball Joints

The concept of the bellows=sealed ball joint was advanced in various forms.
Basically, this joint consists of a light shell restraining structure with angular
deflections permitted by rotational surfaces in bearing contact. Most concepts
envisioned spherical bearing surfaces, while one concept puts forth mutually perpendic-
ular cylindrical surfaces (Fig. 13).

Advantages of the ball joint are:

e Lighter weight

¢ No induced torque in bellows similar to that produced by gimbal joints
¢ Less parts; therefore, more reliable and lower cost

e Uniformly distributed loads across the joint
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Disadvantages are:

¢ Higher forces to angulate, since resisting moments are a function of
radii about the center of the joint as opposed to relatively small pin
radii of gimbal joints

¢ Inability to prevent torque from entering bellows due to system loading
without the addition of other devices
The lighter weight of the unit is felt to be, by far, the greatest value of the
ball joint; not only for the obvious space vehicle payload considerations, but from
dynamic considerations of the ducting system itself. From this standpoint, the advan-
tage of uniformly distributed loads across the joint into adjacent tubing is of particular
value.

Continuing the discussion of dynamic considerations, the disadvantage of
higher forces to angulate can be turned into an attractive feature. These higher forces
are developed by large friction areas which can absorb considerably more dynamic
energy than the pins in gimbal joints. It is conceivable that the bearing surfaces can
be selected to match the damping needs of the entire ducting system. For example,
consider a three flexible joint system typical of many Saturn vehicle flexible ducts.
Reaction loads on attachment flanges and supports are most often developed by the
joints which are adjacent to these points since their distances and, therefore, moments
are the least. The center flexible joints contribute little in the way of reaction moment
since the distance from these points is large. Since the center flexible joint also
presents the largest unsupported mass in the system, a lightweight ball joint with high
coefficient of friction contact surfaces would tend toward optimizing not just a joint,
but the entire duct system. The end joints could be ball joints with low coefficient of

friction surfaces or, if necessary, gimbal-type pin joints.

The ability to vary the surfaces of the ball joint is afforded by the amount of
ball contact area which can be developed by relatively thin annular projected areas.
For example an annular contact surface 3.50 inches inside diameter and 3.75 inches
outside diameter (1/8 inch wide) contains 1,42 i.n.2 of projected area. If the bellows
mean diameter was 3.25 inches and the system working pressure equaled 100 psig, the
bearing pressure on these contact surfaces would be only 585 psi.

One problem area in the design of a ball joint was the characteristics of

various materials in sliding contact. Since the ball surfaces and structure would be
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operating in a vacuum (the vacuum created by an insulating jacket or the vacuum of

space), the surface characteristics under these conditions need to be known. Specifically

LSS L ~

the designer needs to know the:

e Number of cycles of sliding versus bearing pressures prior to galling in
a vacuum

e Friction factor versus number of cycles in a vacuum

A preliminary study indicated that these data were not readily available; therefore, a

testing program was inaugurated to provide this information.
4,6 BELLOWS INSTABILITY STUDY

Bellows instability, or squirm, is one of the limitations of a bellows which
the designer must take into consideration when designing a flexible joint. Instability
considerations generally limit the maximum length of the bellows and a minimum spring
rate and therefore higher resulting deflection forces. In an attempt to increase the
instability pressures, and/or reduce spring rate, the mechanism of squirm and the
prevalent prediction techniques were reviewed. From this review, it was determined
that the best way to improve bellows instability was to refine the prediction method to
a point where the conservatisms used today, as a result of present prediction inaccur-
acies, were reduced to a much lower percentage of the pressure requirements. Since
most flexible ducting systems are, in essence, tension systems whereby bellows
expansion joints are restrained against axial deflection but must angulate, this instability
becomes more critical since a bellows is prone to squirm at much lower pressure when

angulated.

The conventional expression which was used to predict the critical squirm

pressure, is given as:

- 2n
Pcr =1 X SR A
where: SR A" computed axial spring rate of bellows

L

it

length of bellows

None of the terms in the preceding equation take into account any stresses
which exist in the bellows nor the relative strengths of the materials of constructions.
The expressions for spring rate are a functionof Young's modulus; however, the
differences in critical squirm pressures for various materials have created much con-

cern over the use of these expressions.
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Most stainless steels and superalloys used as bellows materials have similar
or identical Young's moduli. In the conventional instability expression, the critical
instability pressure is directly proportional to the modulus of elasticity. Therefore,
squirm predictions, using the conventional equation are accurate only while the stress
state of the bellows remains within the elastic limit. Generally, in low cycle systems,
the bellows stress at full angulation exceeds the material's yield strength. Therefore,
once the compressive meridional membrane stress in the bellows exceeds the yield

point, the elastic modulus no longer applies.

During this program, a fundamental hypothesis was confirmed regarding the
relationship between material modulus of elasticity and critical squirm pressure.
Testing carried out during this program has confirmed a previously conceived theory
that critical squirm pressure in the plastic range is proportional to the tangent modulus
of the stress-strain relationship. The conventional critical squirm pressure equation,
has been modified by the ratio of tangent modulus over elastic modulus.

- 2m
cr - L SRy (Et/E)

Therefore, the expression now states that the critical squirm pressure is roughly pro-
portional to the yield strength. This expression agrees with the test program results
that indicated that Inconel 718 bellows will squirm at pressures approximately three
times as high as the Type 321 stainless steel bellows.

The relative accuracies of the conventional instability expression versus the
improved method for both Inconel 718 and Type 321 stainless steel bellows are shown
in Figures.14 and 15. Since the spring rate term in the expression is being modified
by the ratio E t/ E, we can now answer the question: Why does the spring rate of bellows
vary with the increasing deflections? In the past, the load-to-deflect was assumed to
be linear with the deflection.

During the program, 47 bellows of both materials and various configurations
were tested. The bellows were 3-inch inside diameter, and ranged from 3. 3 to 3.6
inches outside diameter. The number of convolutions were held constant at 10 per
bellows. The specimens were of both single ply and two ply construction. All bellows
were spring-rate tested prior to squirm testing, and squirm testing included bellows
in the undeflected and deflected conditions up to 12 degrees angulation. A typical

squirmed bellows is shown in Figure 16.
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FIGURE 16,
TYPICAL SQUIRMED BELLOWS

Since bellows instability is similar in nature to a column compression failure,
a reasonable conclusion to this effort would be to install bellows into flexible joints
with tensile rather than compressive preloads. Under very high-pressure conditions,
this might lead to the possibility of pretensioning bellows to a deflection equal to the
compressive deflection during angulation. This idea, no doubt, will have to be modified
by the total stress consideration. However, a compromise can be reached which will
permit increasing the predicted bellows instability or the lowering of bellows spring

forces.

Test procedures and data which were generated and used during this phase of
the program are shown in Solar Engineering Report, M-1794, dated 19 August 1965,

which is included as Appendix I.
4.7 BALL JOINT SURFACES FRICTION AND WEAR STUDY

To design ball joints for flight service, a knowledge is required of the change
in the coefficient of friction of the sliding surfaces which occurs during repeated cycling.
In addition, the designer must know the number of cycles which various material and
surface combinations can be expected to withstand before seizing occurs or at least

before the friction coefficient exceeds reasonable limits. Since the majority of motions
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of an upper stage, liquid hydrogen-fueled vehicle duct system would occur in the vacuum '
of space, the flexible joints would be operated in a vacuum or vacuum insulation of
some type, therefore the environment in which the necessary data are gathered should
include a vacuum, Toward this end, a test program was performed in which 22 test
items with cylindrical contact surfaces were cycled in a vacuum to 10,000 cycles or
seizing, whichever occurred first, During cycling, bearing pressures were varied to
simulate various flexible joint internal pressure loads. A schematic of the test setup
is shown in Figure 17; Figure 18 shows the actual equipment, The test procedure is

included in this report as Appendix IL,

In the desire to achieve conservative design data (i.e., to not produce data
which, being based upon the ultimate in surface conditions, could not be achieved in

production) the following ground rules were established:

e Contact surface radii were to be 6. 00 = 0,010 inches
¢ Surface finishes were to be 16 RMS

Figure 19 shows the test specimen configuration and dimensions. Table I lists the
test specimens and Table II lists the test results. Figures 20 through 41 show the
specimens at the completion of testing.

The specimens tested represented three groups of materials and material
combinations:
e Common Ducting Materials, CRES Type 321 and Inconel 718 in contact

with themselves and with each other, bare metal and dry lubricated.
This is obviously the simplest and lowest cost system.

e Hard Facings. Metallic materials which have been developed to withstand
sliding motion and prevent base metal failure such as:

Hard Chrome Plate
Haynes Stellate Alloy No. 12

Asarcon 773 (continuous cast bronze bearing) by American Smelting
and Refining Company (lubricated with molydisulfide coating)

Super Oilite No. 16 (bronze) by Amplex Division, Chrysler Corp-
oration (lubricated with molydisulfide coating)

e Low Friction Materials. Self-lubricating materials for high-cycle life
and/or low-coefficient of friction.

Teflon impregnated fibre glass (W. S. Shamban Company)
Teflon impregnated bronze (Turcite B - W.S. Shamban Company)
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FIGURE 18, CYCLE-PRESSURE TEST SETUP

The materials in these groups had the common characteristics of:

Compatibility with the materials of construction of the ducting system

Compatibility with the fluids being transferred

Compatibility with the manufacturing techniques employed in the fabri-
cation of present LH, fluid transfer systems

Compatibility with the cryogenic temperature and vacuum pressure
environment

e No maintenance required after installation

At the test program inception, it was envisioned that bearing pressures in the
order of those being felt by gimbal pins (approximately 20,000 psi) could be handled by
the specimens. The equipment was, therefore, designed to impart normal loads cap-
able of achieving these pressures. The earliest specimens, however, seized and
cold=welded almost immediately under these loading conditions. The loads were

then lowered to produce from 250 to 3,000 psi bearing pressures on the specimens.

o
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FIGURE 19. BALL JOINT TEST SPECIMEN CONFIGURATION AND DIMENSIONS

The study was self-limiting in that all testing was performed at 100 cycles per
minute and arc deflections were held constant at * 0, 375 inches or * 3.5 degrees. With
these constants, the effect on surface life and change in friction factor as a function of

surface velocities and accelerations could not be determined.

As indicated in Table II, most of the specimens experienced severe galling
early in the cycling. Even with reduced bearing loads and dry film lubricants, break-
down of the surface was, in many instances, almost immediate. Part of this breakdown
could be attributed to localized bearing pressures resulting from mismatch of the mating
surfaces. This mismatch however, was within the tolerances to which the specimens
were fabricated. To reiterate, these tolerances, primarily dimensional, were per-

missible as the low cost aspect and conservatism of the goal.

The lack of heat dissipation in the vacuum contributed to the surface failures.
Some tests, which were halted and restarted at work shift changes, exhibited a return
to low actuation forces, followed by a rapid increase to levels equal to those prior to
the halting. From this lack of heat dissipation it can be assumed that the life of these

surfaces would be extended if the flexible joints were subjected to cryogenic service.

38




TABLE I
FRICTION TEST SPECIMENS

Test
Item Specimen Type Test Specimen Description
-2 -7 block Pasgsivate in accordance with MIL-5-5002 and dip in molydisulfide solution, Electro-
film 1005 (Electrofilm, Inc.) Material, Inconel 718
-26 shoe 4 RMS surface finish, Material, Inconel 718
~1 -7 block Passivate in accordance with MIL-S-5002 and dip in molydisulfide solution, Electro-
film 1005 (Electrofilm, Inc.). Material, Type 321 stainless steel
-26 shoe 4 RMS surface finish. Material, Type 321 stainless steel
-3 -7 block 16 RMS surface finish., Material, Inconel 718
-26 shoe 16 RMS surface finish, Material, Inconel 718
-6 -7 block 16 RMS surface finish. Material, Type 321 stalnless steel
-26 shoe 16 RMS surface finish. Material, Type 321 stainless steel
-7 -7 block Passivate in accordance with MIL-S-5002 and dip in molydisulfide solution, Electro-
film 778 (Electrofilm, Inc.). Material, Type 321 stainless steel
-26 shoe 16 RMS surface finish, Material, Type 321 stainless steel
-8 -7 block Pagsivate in accordance with MIL-S-5002 and dip in molydisulfide solution, Electro-
film 778 (Electrofilm, Inc.). Material, Type 321 stainless steel
-26 shoe 16 RMS surface finish. Material, Inconel 718
-9 -7 block 14 RMS surface finish, Material, Inconel 718
-26 shoe Hard chrome plate in accordance with AMS-2406C and grind to RMS surface finish
(0.015-inch plating thickness after grinding). Material, Type 321 stainless steel
-10 -7 block 14 RMS surface finish. Material, Type 321 stainless steel
-26 shoe Hard chrome plate in accordance with AMS-2406C and grind 16 RMS surface finish
(0.015-inch plating thickness after grinding), Material, Type 321 stainless steel
-11 -7 block Coat with Haynes Stellite alloy 12. Grind to 16 RMS surface finish (0,06-inch
thick after grinding), Material, Type 347 stainless steel
-26 shoe 16 RMS surface finish. Material, Type 321 stainless steel
-12 -7 block Coat with Haynes Stellite alloy 12. Grind to 16 RMS surface finish (0.06-inch thic
after grinding). Material, Type 347 stainless steel .
-26 shoe 16 RMS surface finish., Material, Inconel 718
-13 =7 block Torch braze Asarcon 773 (American Smelting and Refining Co.) insert (width 0.99 to
1,00-inch by 0.12-inch thick) to -7 block. Dip in molydisulfide solution, Electro-
film 77S and cure 1 hour at 3756 F. Material, Type 321 stainless steel
-26 shoe 16 RMS surface finish. Material, Type 321 stainless steel
~-14 -7 block Torch braze Asarcon 773 (American Smelting and Refining Co.) insert (width 0.99 to
1,00-inch by 0.12-inch thick) to -7 block. Dip in molydisulfide solution, Electro-
film 77S and cure 1 hour at 375 F. Material, Type 321 stainless steel
~26 shoe 16 RMS surface finish. Material, Inconel 718
-15 ~7 block Torch braze Super-Oilite 16 (Amplex Division of Chrysler Corp.) insert (width 0. 99
to 1.00-inch by 0.12-inch thick) to -7 block. Dip in molydisulfide solution, Electro-
film 778 and cure 1 hour at 375 F. Material, Type 321 stainless steel
-26 shoe 16 RMS surface finish, Material, Type 321 stainless steel
~16 -7 block Torch braze Super-Oilite 16 (Amplex Division of Chrysler Corp.) insert (width 0. 99
to 1.00-inch by 0,12-inch thick) to -7 block. Dip in molydisulfide solution, Electro-
film 77S and cure 1 hour at 375 F, Material, Type 321 stainless steel
-26 shoe 16 RMS surface finish. Material, Inconel 718,
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TABLE I
FRICTION TEST SPECIMEN (Cont)

Test

Item Specimen Type Test Specimen Description
-17 -7 block Bond the Teflon-coated glass cloth (W. S. Shambam Co.)(0. 014 inch thick) to
-7 block (with bonding kit No. 2, Fluorocarbon Co.). Material, Type 321 stainless
steel .
-26 shoe 16 RMS surface finish. Material, Type 321 stainless steel
-18 -7 block Bond the Teflon-coated glass cloth (W. S. Shambam Co.)(0.014 inch thick) to
-7 block (with bonding kit No. 2, Fluorocarbon Co.). Material, Type 321 stainless
steel
-26 shoe 16 RMS surface finish., Material, Inconel 718
-19 ~T block Passivate In accordance with MIL-S-5002 and dip in tungsten disulfide solution,

Electro-film 2606 (Electrofilm, Inc.) and cure 2 hours at 180 F and 2 hours at 400 F,
Material, Type 321 stainless steel

~-26 shoe 16 RMS surface finish. Material, Type 321 stainless steel
-20 -7 block Passivate in accordance with MIL-S-5002 and dip in tungsten disulfide solution,

Electro-film 2606 (Electrofilm, Inc,) and cure 4 hours at 180 F and 2 hours at 400 F.
Material, Type 321 stainless steel

-26 shoe 16 RMS surface finish. Material, Inconel 718
-21 =7 block Bond Turcite Type B insert (width 0,99 to 1.00 inch) to -7 block. Material,
Type 321 stainless steel
-26 shoe 16 RMS surface finish, Material, Type 321 stainless steel
-22 -7 block Bond Turcite Type B insert (width 0,99 to 1.00 inch) to -7 block. Material,
Type 321 stainless steel
-26 shoe 16 RMS surface finish, Material, Inconel 718

The best test results were achieved with Asarcon 773, Super-Oilite No. 16,
and Teflon impregnated fibre glass against both Type 321 stainless steel and Inconel 718,
Friction factor versus number of cycles curves for the preceeding bearing inserts are
shown in Figures 42 through 47, As expected, the Teflon showed the lowest coefficient
of friction and life spans up to 10, 000 cycles. In the low cycle region (to 2000 cycles),
steady or constantly changing coefficients were experienced with the other two mat-
erials. An exception to the lack of difference accountable to either the Type 321 stain-
less steel or Inconel 718 shoe materials were specimens No. 13 and 14 (Asarcon 773
against Type 321 stainless steel and Inconel 718, respectively). Specimen No. 14,
even at higher bearing pressures, exhibited little or no galling at 10, 000 cycles (Fig. 31).
While Sanborn traces on specimen No. 13 indicated block surface failure at 2000 cycles,
testing was continued to 10,000 cycles (Fig. 30).
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TABLE II
FRICTION TEST RESULTS

Bearing | Breakaway Actuation Total
Test Load Force Force Range | Number
Item Ib) (Ib) (Dynamic) of Cycles Remarks
-2 2000 1000 1500 to 4000 60 Galling at approximately 15 cycles (Fig. 21)
-1 2000 600 5200 to 5600 134 Immediate galling (Fig. 20)
-3 1000 640 4000 50 Immediate galling
-6 1000 425 425 to 4800 261 Immediate galling (Fig. 22, 23, 24)
500 1200 1600 to 2000 1950 Immediate galling
-7 2000 400 400 to 4000 720 Galling began at 550 cycles (Fig. 25)
(400 1b to 550
cycles)
-8 1000 155 400 to 4600 2982 Rapid rise in actuation force at 1100 cycles
(Fig. 26)
-9 500 400 400 to 1000 10, 000 Actuation force fluctuated between 800 and
1000 pounds after 800 cycles
-10 2000 2100 2100 to 4000 628 Immediate galling (Fig. 27)
-11 2000 2000 2000 to 5200 16 Immediate galling (Fig.28)
-12 2000 1000 1000 to 4000 84 Immediate galling (Fig. 29)
-13 2000 340 110 to 1900 | 10,000 Galling began at 2000 cycles (Fig. 30)
-14 4000 230 200 to 1000 10, 000 Steady actuation force of 800 pounds from
2000 to 9500 cycles (Fig. 31)
-15 6000 550 550 to 3400 2594 (Fig. 32)
-16 4000 350 350 to 2500 10, 000 ‘ Fluctuating actuating forces (Fig. 33)
-17 2000 200 200 to 300 10, 000 (Fig. 34)
4000 400 400 to 260 10, 000 Load dropped to 260 at approximately
. 2000 cycles (Fig. 35)
~18 4000 185 200 to 325 10, 000 (Fig. 36)
6000 400 350 to 1220 2412 Galling at 2400 (Fig. 37)
-19 2000 270 500 to 3600 203 Immediate galling (Fig. 38)
-20 2000 280 200 to 3200 261 Immediate galling (Fig. 39)
-21 8000 500 550 to 1550 978 Insert squeezed out from under block,
causing metal to metal contact (Fig., 40)
-22 4000 200 200 504 Test stopped. Material observed squeez-
ing out sides’of block (Fig. 41)
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FIGURE 20. BALL JOINT TEST SPECIMEN TYPE -1

FIGURE 21. BALL JOINT TEST SPECIMEN TYPE - 2
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FIGURE 22. BALL JOINT TEST SPECIMEN TYPE - 6;
500 Pound Bearing Load, 1950 Cycles

FIGURE 23. BALL JOINT TEST SPECIMEN TYPE - 6;
1000 Pound Bearing Load, Cold Welded

at 261 Cycles
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FIGURE 24. SPECIMEN SHOWN IN FIGURE 23
AFTER SEPARATION

FIGURE 25. BALL JOINT TEST SPECIMEN TYPE - 7;
2000 Pound Bearing Load, 720 Cycles
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FIGURE 26. BALL JOINT TEST SPECIMEN TYPE - 8;
1000 Pound Bearing Load, 2982 Cycles

) FIGURE 27. BALL JOINT TEST SPECIMEN TYPE - 10;
2000 Pound Bearing Load, 628 Cycles




FIGURE 28. BALL JOINT TEST SPECIMEN TYPE - 11;
2000 Pound Bearing Load, 16 Cycles

FIGURE 29. BALL JOINT TEST SPECIMEN TYPE - 12;
2000 Pound Bearing Load, 84 Cycles
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FIGURE 30. BALL JOINT TEST SPECIMEN TYPE - 13;
2000 Pound Bearing Load, 10,000 Cycles

FIGURE 31. BALL JOINT TEST SPECIMEN TYPE - 14;
4000 Pound Bearing Load, 10,000 Cycles




FIGURE 32. BALL JOINT TEST SPECIMEN TYPE - 15;
6000 Pound Bearing Load, 2594 Cycles

FIGURE 33. BALL JOINT TEST SPECIMEN TYPE - 16;
4000 Pound Bearing Load, 10,000 Cycles
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FIGURE 34. BALL JOINT TEST SPECIMEN TYPE - 1T7;
2000 Pound Bearing Load, 10,000 Cycles

FIGURE 35. BALL JOINT TEST SPECIMEN TYPE - 17;
4000 Pound Bearing Load, 10,000 Cycles
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FIGURE 36. BALL JOINT TEST SPECIMEN TYPE - 18;
4000 Pound Bearing Load, 10,000 Cycles

FIGURE 37. BALL JOINT TEST SPECIMEN TYPE -18;
6000 Pound Bearing Load, 2412 Cycles
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FIGURE 38. BALL JOINT TEST SPECIMEN TYPE - 19;
2000 Pound Bearing Load, 203 Cycles

FIGURE 39. BALL JOINT TEST SPECIMEN TYPE - 20;
2000 Pound Bearing Load, 261 Cycles
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FIGURE 40. BALL JOINT TEST SPECIMEN TYPE - 21;
800 Pound Bearing Load, 978 Cycles

FIGURE 41.

BALL JOINT TEST SPECIMEN TYPE - 22;
4000 Pound Bearing Load, 504 Cycles
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FRICTION FACTOR ( f)

FRICTION FACTOR ( f)

1.0
0.9 TEST SPECIMEN - 13
ASARCON 773 COATED WITH o BR = 1000 psi
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CRES 321 \
0.7 -
0.6 //
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0.4 /
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V.2 — B -
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FIGURE 42. FRICTION FACTOR VERSUS CYCLES FOR TEST SPECIMEN - 13

1.0
0.9 TEST SPECIMEN - 14
ASARCON 773 COATED WITH
0.8 MOLYDISULFIDE AGAINST
INCONEL 718
0.7
0.6
0.5
0.4
0.3
0.2
Ve ] o BR= 2000 psi
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0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000
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FIGURE 43. FRICTION FACTOR VERSUS CYCLES FOR TEST SPECIMEN - 14
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o 0.9
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FIGURE 44. FRICTION FACTOR VERSUS CYCLES FOR TEST SPECIMEN - 15
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FIGURE 45. FRICTION FACTOR VERSUS CYCLES FOR TEST SPECIMEN - 16
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FIGURE 47. FRICTION FACTOR VERSUS CYCLES FOR TEST SPECIMEN - 18
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INSULATION

Liquid hydrogen ducting on the Saturn V vehicle are insulated with rigid met-
allic vacuum jackets. The scope of work in this contract dictated that insulation studies
should not include this type of jacketing. A review of nonmetallic, nonrigid insulations
used for tankage and other types of liquid hydrogen vessels and lines indicated that
vacuum is still an important characteristic of an efficient insulation. The mission en-
vironment, which was envisioned for this study, was that of a vehicle required to
restart its liquid hydrogen-fueled engines after relatively long periods of coasting in
space. The heat leak to the fuel in the wetted lines during these coasting periods was
assumed to be potentially higher than prior to lift-off and during launch. To meet this
environment, an insulation is suggested (Fig. 48) which performs similar to some of
the present tankage type insulations. This insulation consists of a heat-shrinkable
Teflon tube which encapsulates a layer of Teflon wool similar to TE F-E -NUZ, a pro-
duct of the W.S. Shamban Company. Inside the outer heat shrinkable Teflon tube
would be a layer of aluminum foil acting as a radiation barrier. The ends of the heat-
shrinkable Teflon tube would be sealed to the exterior of the liquid hydrogen duct adjacent
to the flanges. The space containing the Teflon wool would be purged with a condensible
gas such as carbon dioxide or nitrogen. During chill-down in ambient air, the conden-
sible gas would create a vacuum within the heat-shrinkable Teflon tube causing atmos-
pheric pressure to collapse the tube around the duct. While in atmosphere, this
collapsed tube, which would compress the Teflon wool, would not be as efficient an
insulation as a rigid vacuum jacket. However, as the vehicle leaves the atmosphere,
the Teflon wool would have sufficient resiliency to spring the outer Teflon tube back to
its original diameter thereby creating a vacuum jacket which would be highly efficient
against heat sources such as the vehicle and the ambient temperature of space. The
Teflon wool provides many, but long heat paths of high resistance from the inner tube
to the radiation barrier. Being of small diameter filament, the stresses within the
wool while compressed would not be high enough to permanently set the wool into a

compacted condition.
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6

CONCLUSIONS AND RECOMMENDATIONS

The work attempted during this program was by no means intended to cover
all the possible avenues of improvements in liquid hydrogen flexible ducting technology.
The work that was done provides, in many instances, indications of areas of further
fruitful effort.

Logically, we can conclude that the boltless flange concept, which consumed
some of the effort in this program, has advantages over existing flanges and should be
pursued in some future work. Practical problems still exist to its ultimate use in a
flying system, such as the proper structural sealant material, but these are not con-
sidered to be insurmountable.

The weight of tubing in a flexible ducting system becomes important as system
lengths increase. Materials of higher strength-to-density ratios than those which are
being used today are presently available. However, little information exists as to these
materials’ ability to withstand the forces generated by a dynamic environment. It is
recommended, therefore, that future work be devoted to analytical and empirical studies
to more accurately predict the dynamic response of ducting systems and the ability of

various materials to withstand these environments.

The flexible elbow described in Section III was presented as a concept. Future
work should include analytical studies of the limits of this type of joint, and mechanical
studies to determine the additional components which may be required for high-pressure
applications. Trade-off studies based on weight, dynamic responses, and reliability
should also be made to ascertain the usefulness of the concept, Empirical studies
determining fabricability problems and performance characteristics should follow the
analytical effort.

In this program, a number of flexible joint concepts were generated. Those
which were pursued were felt to offer the greatest possible improvement in ducting
systems. The low-profile gimbal joint and four-lug gimbal joint were basically novel

applications of existing design techniques. The strength capability of the low-profile
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gimbal concept was demonstrated during the program. The ability of the joint to with-
stand dynamic environments should be determined prior to any application of the con-
cept. Weight and cost saving trade-offs on existing equipment should be made to
demonstrate those areas where the fruits of this effort could be best applied.

Bellows-sealed ball joints seem to offer the most interesting area for further
study. The implications of dynamically tuned ducting systems is interesting in light of
the effort which went into the development of the large ducting systems being used on
the Saturn V vehicle. The weight savings which can be achieved with use of the ball
joint warrant additional studies and require development of anti-torque devices and
lightweight rotational structures. The friction study which was conducted in this pro-
gram and recorded in Section 4.7 attempted to establish a basis from which reliable
designs could be made. The Teflon impregnated fibre glass offered the lowest coef-
ficients of friction through the 10, 000 cycle range. Most of the other specimens
exhibited galling early in the cycling. However, the large amounts of bearing area
which can be designed into ball-type joints offer the possibilities of reducing the bearing
stresses far below those used in these tests thereby permitting the assumption that
less sophisticated and less costly material combinations could be used. While cryogenic
temperatures would enhance the cycling characteristics of most materials, experi-
ments at these temperatures should be performed. Some test results indicate that
lowering temperatures and providing heat sinks for dissipating frictional energy will
greatly increase surface life. It is recommended, therefore, that this work be con-
tinued to include these untouched areas. In addition, this work did not answer the
question as to the effect of surface velocities and accelerations attendant with different

cycling rates and small excursions typical of dynamic responses.

The work on bellows squirm which was described in Section 4. 6 was performed
because squirm or instability is a design limit which tends to force specific minimums
upon bellows spring rate and specific maximums on fatigue life. The inaccuracy of
past analytical methods to predict critical squirm pressures resulted in higher than
optimum spring rates. This work demonstrated the accuracy of the improvements
made to predicting critical squirm pressure, which is based upon the realization that
many bellows are operated above the plastic range of the material.
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method was confirmed by the tests reported herein. The results show that critical
squirm pressure for any bellows can be predicted within an accuracy of a few percent.

A total of forty-seven (L7) bellows of two different materials and various configura=-
tions were tested, The two materials chosen were AISI type 321, an austenitic
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cal pressure. Critical pressure (PCR) was calculated using the expression:

PCR"ET&X_?'_

where SRy, = axial spring rate
L = axial length of bellows
E = elastic modulus
E¢ = tangent modulus

It was also found that the critical pressure for Inconel 718 bellows is approximately
3 times that for AISI type 321 bellows of the same configuration.
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THE BEUOWS SPECIMENS WERE MADE OF AIS] 32
AND INCONEL TIB MATERIALS. THE GEODMETRY OF THE
BELLOWS WAS L/MITED To THE GENERAL CONVOLUTED CLASS
WITH VARIATIONS (N SPAN HEIGHT , THICKNESS , RADIVS OF
CONVOLUT(ON AND NUMBER OF PLIES SQUIRM TERTS
WERE CoNDUCTED IN A STRAIGHT ROSITION AS weELL AS /A
AN ANGUIATED POSITION , AND IN ALL CASES , THE TER]S
WERE CoNDUCTED AT Room TEMPERATULE .
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INTRoLUCTION  (Con’D )

IN THE REDUCTION ' (INTERPRE TATIoN OF DPATA:
COMPAEISONS WEEE MIOE BETWEEN COMPITED AN MERSURED
SPRING RATES AND 3SQUIRM PETSURES. Tue DIFFEEENCE
IN SQUIRM PRESSURES ON SimMILAR BELLOWS ARE ALSO
PEEIENTED AND DISCUSSED. THE SQUIEM TEST OF AN
ANGULATED BEUOWS 1S REPORTED AND COMPARED WiTH
THE ANALYTICAL PeEDICTION ¥

AN ATTEMPT WAS MADE TO DETERMING THE EFRT
ON THE SWURM PREISURE OF AXIALLY PRELOAD /NG THE
BeLtows , BUT ceRTAIN LiIMITATIONS MADE THE RESULTS
QUESTIONABLE . AN EXPLANATION ALSO WAS SOUGHT
FOR THE NON—LINERRITY OF BELlows (N SPRING PATE
TENSION AND COMPRESSION TESTS, BUT THE REISULTS
WERE (NCONCWSs vVE, IT HAS BEEN THOUVGHT ToB€ A
TYPE OF SECONDARY INSTABILITY . BUT 7HIS HAS NOT
BeeN PROVED YET. '

*
THE ANALYTICAL PREDICTION 1S PEFERRED TO THE CALCULATION OF

..... D A~ ~Aal o P

N, ONAENSIOMS T241= Dnc-n/rm\ Al 1 25
[)Cl.l..UW.) ‘J_VUIKJVI RI2CL) WUy V'Vu VIfVIl—’VJ v * LA

CAN Alsg Re FOUND IN KEE. &
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METHOD OF ANALYSIS

IV ATTEMPTING TO DERIVE A SMMPLE SQUIRM PRESSIES
EQUATION FOR BELLOWS , THE FoLLOWING ASSUMPTIONS
ARE MADE :

THE BELLOWS ASSEMBL] BEHAVES LIkE A BEANM .,
THEREFORE BeAng THEDRY WILL BE APPLIED /N THE
DER) vATIONS.

OB TWo-pLY BEUows, THE SPANG PATE oF THE
INNER. PLY S ASSUMED TO BE THE AME AS THE OUTER
PLY.

THE MERIDroNAL BENDING STRESS DUE 72 Ax/AL
CoMPEESSI6N OB Awwm7ev MOJIONS 1S CONS/DERED
PIRTLY 4DDITivE ToO THE MERIDIONAL COMPRERSIVE
STEESS DUE Jo INJERNAL PFEEISURE . /N OTHER WORDS,
THE MAXIMUM REBPETIVE STRESSES ARE ASSUMED ToO
ACT AT THE SAME PONT , WHICH 1S THE ROIT oF THE
CONVOLUTION .

AXIAL SPRING BATE AND BeNOMG STREIS IN A
BELLOWS ARE ASSUMED PROPORTIHNAL To MoDULUS OF
EWASTICITY £ N THE ELASTIC BANGE AND To THE
TANGENT MopvtLus Ep N THE PasTc RangE .
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ASSUME THE BELLOWS BenDnG
LIkE A BEAM.

FRor1 BEAM THEDRY, M . £

I R
ok EI - MR
L, THE LaeH of Bertows = RE e
&(EI\)-.-. A_/I_é-é O, HRE, 15 IN RADIANS

But _%z = ANGULATION SPRmG RATE oF BEUOWS ( Lo~ ,w/m)
= SEa x B =/
e [ 1]

WHERE  SEx= Axial SPEING RATE oF [Beeows
Er = MaanN BADuS oF /S€lons

(EZ): Skr x Bm Lo —r)
A
THE ClTICAL LoAD Foo A STRUT wiTH BoTH ENDS FIXED 15
ER
4n*(e1) /25
LL

SUBSTITLoE (1) INTo  (2) CR(T1cAl LoAD = {Z,:/L’;S& "é"fo
2
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METHOD OF Analysis

2008M (N A_STRAMGHT PosITIon
C CRITIcAL LoD ;Lr, SEa x Bm* —C3D

BoT CRITiCHL (0AD = CRITICAL PRESSWES X Apen

oF Bellonws
Poy X TEWY =)

7;»« (3) 1 (4)

Pove 27 . SEs CONVENTIONAL SOUIRM &)
L EQUATION — EZASTIC RAanges
oONLY
Aveerce Coss-Secmronsl ALER OF BellowS MATERIEL is

imbmt x n wHete v = No. oF PLIGS
. COMPRESIVE  STEESS ﬁ-_-. cerprcal Loap
277,6.41‘ "
SUBST)7voE (3) /NTo ABOVE
7 ° foe SEaxTBm _ o>
n X L

foR STRESS |~ ELASTIC RANGE | Ska I1s PRORTIONAL To &€

)

THE YOUNE'S rMoDUlUS,  thwELER , )F STRESS /S /N PLASTIC RANGE
Ee, THE TANGEWT MOPULUS HAS 7 RBE SED

s _ exwzmx& _——()
re.  fo= SEATEw & 7

CoNSEQUENTLY Por, SQUIRM PRESURL - zzrr, 5,&.5‘ —8)
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JRutem IN_AN ANGULATED PoSiTioN

fol BEUowS PEESSVRIZED N AN ANGULATED PosiTioN, THE
COMPREBNNE BEWNDINGr STRESS MUST B /NCwpeED IN Tiks CompRESSIUE
STLE3S ,1€ EQUATIoN.

LeT 7He Bewonks sreess b€ 1o

Feort (T7)
7o fo= [ SR X Tbm L &
¢ A aA * fb E ¢

AND  For, SQuerm  pPeEsuBE - A7« Shaxk

THE CALCULATION OF SQUIBM PRESSURE 15 AS  ForlowS: (AnGuATeD)

(i) CaLeuATe SKa € ﬁ USING CONVENTIONAL IMETHOD

(i) Usmwg A ComPRESSIVE STRESS- TANGENT MODULUS CURVE [r
CAN BE OB7AINGD FRorm EBLUATION (9)

i) WITH Exz KNOWN , [y THE SQUIEM PRESSUEE CAN BE
COMPUTED.

IN THIS PRESEST REPoL], [BM PRoGEM BaseD oN E&F &
/S EMPLOYED To caculATE SEs 7 T .

5:: IlI‘IIL.lHVIDIrX 14' § ,%m”)/,’! 6

SAMPLE CALCULATIONS.

- —— - L d P
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DEVELOPMENT TEST LDE3CE/PTION

FOLTY - SeveN) (47) ConvolureD Betlows,
SOLAR PART NUMBER Glo! TrRouGH 412G , WERE
MANU FACTURED [FROM INCONEL. 118 ( A HIGH STRENGTH
MICKEL BASE Attoy ) AnND AlSt 32/ STAmLess Sl .
GEDMETEICAL VARIATIONS INCLUPE WALL THCKNESS
SPAN HEIGHT , CoNvoLJUT1on] RADIVS , NWUMBER oF
PUES HND  FREE LENGTH »

A SKETCH OF A TYPIcAl. TEST SPECIMEN 1S
SHOWN ON THE FOLLowmdls PAGE. A LST oF
THE TEIT OSPETIMBNS AND THEIR 1DENTIFI CATION
NUMBER. AND PRANING PIMENSIONS CAN Be FounND
ON PAGe /0 .

FoR DeTAIL TEST SET-UP, TEST QUIPMET
AND TEST PROCEDURES, PART oF EEF. 8 /S MELUPED
IN APPENDIX £  FoR REFEReNCE
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GEOME TRY OF TE3T SPecimen
e TE;TED LovTH L |
Batows |
BrAZED To END .0 0.0"
PLATES, . - &
Heavy BanD HEAVY BAND
X A—
a’ '
M= MNO. OF PLIES
N= NO.or CONYOLUNONS = 10
L 7HiICENESS PER PLY
0.D= OUTSIDE DIAMETER
l. D.= INSIDE DIAMETER
oL = RADIUS OF ConvawTioN
L = Tesyep [eNGTH-
NOTE THAT @, ID T D ARE MEPSURED To THE MID-PLAE OF PLY,
(FoR 2-PLY BEUOWS, @, 1B § 0D ARE MERSURED To THE PLANE BTmen Pyes)

- .
-

\
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LIST OF TEST SPRIMENS AND THEIR. LRAW G DIMENSIONS

. D.=2:91" L' Se& TEST LENGTH IN RESULT APRENDIX D
N = 10

s ~” " / . ’
0. D, @ £ szﬁ}'&azf : 5}:&2/”“/:;:51_ 778
3.3 0.014 oolo (1) | Glol =, atol-2 qQlol-l ,9102-2
3.3 0.074 0.0l0 () q103
33 0.014 oolx (1) | A104-1,q104-2, qi105-1, qlosS4
33 0.07¢ 0wl | qlob
3.3 005"\ ooty | Qlol-1,q107-2,
33 0051 | oo ) | Q108-1,9108-2,9108-3
34 o014 owt00) | qro9
34 oo | oD | qui-1, qu-z ana-l, 9n2-2
3¢ 0057 | oolol) | 41134,913-2,913-3 [ A4 -, qné -2
34 0.057 0.010(2)| qus
34 0.05 colk) | qub-, qub-2
30 0,014 o.0l0t) | qu ang-1, Utg-a
3.0 0014 0.010(2) | 919
36 0074 owint) | qro-l,a120-2 qizl-1, A121-2
3.6 0.057 owtol) | q12%-1, q122-% Q23 -1, 4123-2,9123-3
3 0.057) 0.010(2) | 4124
3.6 0.05" 0.012.(1) | NS, 91252,4283] 9120-1, N126-2
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S]TANDARD TEIT COUPONS weRe CUT [FRont
SAME SHEET AS THE BELLOWS, AND THE CUTTWNG
IR TioN waS AT RANDOM .  THE NCONEL 7)/@ CodjDNS
WERE HEAT TREATED wiTH THE INCONET 718 BELLows.
THE AISI 321 BEUowsS ARE IN Al AWNERLED CondiTion,
AS ARE THE REIPECTIVE CoupoNs. A To7AL OF TweTY
FouR (24 ) COVPONS  WERE TEITED

FoR ZCFeBalE PuBPOSES , onE PAIL €HCH
OF [NCoNEL 718 AND A1SI 32/ COuoNs werE CUT
AT 90 DEGEEEX TV EACH OTHER . THE /NCONEL TS
CoVPONS  WET THROUGH THE SAME HEAT TRESHTMENT
AS THE BEUlowS AND Al WERE TENSILE TESTED. THE
COLRER PONDMWG— STRES— STRHM CLRVES ARE StowN
ON PAGES C2 § C-3. |
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;PE/ G KATTE ET . (L89) //

COMPRESSION AND TENS/ON SPRING BATE
TE3TS WERE PERFVRMED oN ALL BEUOWS AS THey
CAME OFF BEUOMS FORMING MACLHINE IN THe
AS= MANUFACTURED CONDITION, AND AGAIN
AFTER BENG DEFORMED TV SPECIFIED LENGTH
(AFTER ~s1Z MG CONDITION ).
A TYPICAL LoAD - DerceTTIoN /

/ SEQUENCE
/ oF JE€3T

/

SLoPE AT P = AMEASLEED
/ SPnG RATE

/

CVRVE IS 1LLYs TRATED AT @5,”7' _ COMPREZSION (et [/

A \ EXTEN.SIOAJ(/W)
/| E

N PERMANENT SET
AFTER. TEST

—LoAD (185)

TYPical  [oAD-pDEFLEzION CLBWVE
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JEST DE3CRIPTION
IRUIRM PRESSULE TEST

JHE Bellons WEBE FESRSULZED BY A HYPRAULIC PUMP,
THE FRERSURE WAS CONTROLLED IN SUCH A wAY THAT THE RATE
OF PRESSURE EI/SE WAS NERELY  ConSTANT . A suGHT
PREZSURE DEOPL DURING THE RISE PERIOD USUALLY WAS AN
INDICATION OF /NSTABILITY . THIS FPRESSURE DPROP Coulld EASILY
Be NOTED oN THe STl peroroer. . (Sex P 37 FoR A
TYPICAL CcHART )

DuE 7o A MISUNDERSTANDING—, THE TiRT BELLowsS
WERE IVIANUFACTURED WITH LoNG UNSUPPORTED ENOS. T+
EESULTED IN JWO Beltows BEING— TESTED WiTHOUT OBT#M /1 G
THE TEUE SAUVIEM SINCE THE UNSUPPORTED CYLIWNPARICAL eNDS
OF TJHE BELLows BULGED DRASTICALLY .  LIGHT SHEET
METAL BANDS wEPe THEMN USED Ty STIFFEN THE &NDs . AFTER
NINE (9) More Balows weERe SQUr TETED , 17 wWAS
DECIDED THAT THE TIGHTENING DEVICE OF THE LIGHT SHEET
METAL BAND WwAS Sin/PLY NOT ADEQUATE ;  BulGméE OF THE
ENDS STl EXISTS THOUGH MUCH [£35 SAARE.  MNACHINED
BANDS WERE THEN MADE AND USED onN THE KT OF THE
Beuows TO BE SQUIRM JESTED . EACH MA4CHMED
BAND  CONSISTED OF TWO SPLIT RINGS wHICH WERE BolLTED
AT EACH CYLINDEIcAl  EVVD SETTioN OF THE BELLOWS, — THE
RESULTS OF T#E Two BEUOWS TESTED WIFH NO BANDS AND T
NINE WITH LGHT SHEET MER( BANDS WERE TRERATED /A A
(S& P19, 25 £26)

Lsma A g by f
SEPPA KATE f)c,u_/-r"urv . 2
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TE37 DEIEIPTION

S0uIBM PREZSURE TERT  (CoNTD)

17 WAS UNFOBJTUNATE THAT ALL BEUOWS PLANNED To B¢
SQuiRM TEITED 47" A EXTENDED OR CorPRESSETD (eNGTH
( PRE-STRESSED ) wereE N THIS GEROUP.

NOTE . For ALL PREDICTED S@oiRr BASED ON DRANING DiMENsION | SEE PROFOSETS
ok 1N LEF, b, '
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EESULTS — SPeiNG EATES

Bat THE SPRING BATE AND Bendms STeess (UseD
IN SQUIBM PRESURE CALCILATION ) DUE 7o Perue7ron §
ANGULATIon ARE COMPITED RBY JSCLAR PEAGLAM 224,
JHIS PROGRANT |3 BASED ON THE ALTICLE 'ANALYSIS OF
U - SHAPE EXPANSION Beitows ' weiTien By [AUPA 5 wEIL |
(PeF. 5) UNLESS o7HERWISE NOTED , THE INPUT
USED ALE AVERAGE MEASURED DPIMENSIONS .

THE SPEING RATE OF A BEULOWS IS DETERAHNGED
oM THE |ohD- DEFLELTION CUBVE OF THE AL TICIUAR.
BEULowS . THE SLOPE AT THE &ND PoINT OF EAGH
LoAD DEFLECTION CURvE |3 CHOSEN TO BE THE SPRMG
RATE OF THAT BelloWS, AS SHOWN ON PAGE /2 .
COMPUTED AND MERSLLED SPEMG RATE COMPARISON S ALE
TABUATED SEPARATELY FOR AIS/ 321 SELtow]s AND INCONEL
18 Belons oN PAGES 20 § 22..

FROM THE TEIT RESULTS, /N GENEBAL, THE SPENG-
RATE Tewls 7p BECoME [oweR. 1) THE SEZOND SPEMG RATE
7€3T. /T ALSO SHOWS THAT /[HCONEL 7/8 BRLowsS
SEMS TO GI¥E BETTER CoREEIATIoN THAN THE AIS) 32/
BerLows .
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RESULTS = SQUIRIM FRESSVEE ((BalowS TeESTED wiTH MACHNED BANDS)

[N OLDER 70 COMPUTE THE THEORETICAL SQUIRM
PRESSURE, THE TANGENT MoODULS Ep MUST B Known .
THE TANGENT MODWUS Cuves , IN THIS REPOLT | ARE
CONSTRUCTED fROM THE STERS-STEAN CoRVES COF THE
TEST Covpons .

OINCE THE TEST COUPONS HAD BERI CUT AT
ERANDOM [RoM THE SHEETS, |7 wAS SUSPECTSD THAT DUE
To ANISTROPY THERE wWoOULD BE A MALLED DIFFERENCE
IN THE STREIS ~STRAIN CUBVES fFof THE TwoO FeinciPAL
DIRELTIONS , LONGITUDINAL AND TEANSVERSE ., [0
INCONEL 718, THE CURVES ARE SEG EEGATED /NTO
Two GROUPS BY VIBJUE OF JHE SLOPE OF THE TAMGENT
MODULUS CuRVE, THEY Ae /DENTI F1€D AS GROWS #-
AD B AS SHowN ON FAGE C-4. THE 415/ 32/
STEEZS - STRAIN CURVER , HOWEVER, SE8M TJo DEPEND
FPRIMARILY ON THE TET COUPON JHICKNESS. THE
THICKER. SPETIMEN GIVES A MIGHER STPES THAN
THE THINNER. SPEC/MEN AT THE SAME STBAN LeverL
IN THE PUASTIC REGION, THE CompITETd RAMGE OF
BEUOWS SQUIRM PEESSURE BASED oN MEASVLED
PIMEJSIONS (S TABULATED 14 ComPARISON +BRM oN
PAGES 2| AND 23 FOR /NCONEL 718 AND AIS] 32/
FESPECT/VE LY .

PeIoR To THE DEVELOP MENT TEST], SQUIRM PE&KSuea
BASED oM DeanmG— DinieuSonls OF THE TERT SPE CIMENS
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PE3ulTS = SQUIRM FESsvee  ((ConTD)

WERE CoMPUTED 70 PREDICT EACH BEUOWS (NSTABRIHTY -
(scx P& o D THE TANGENT MODULYS CLRVES
Fol |NCONEL 718 AND 415/ 3] USED /N THIS CASE Al
ACTUAL PUBUSHED DATA AS INDIATED oN PAGE C-/
THESC PREDICTED SQUIBM ARESSVRES ARE ALSO 7ABULATED
WITH THE ACTUBL TE&T ESSULTS ON PAGES 21 § 23 .

THEE PREPICTED RESULTS BASED ON DERANMCr
DIrensSIoNS OF INCONEL T8 Bellows Al FALL wiTHIN
THE RANGE OF 0.-694 AND |48 7imeES [HE ACTUAL.
JEST VALUE .  THE MINJMUOM COMPUTED SQAUIEM PRESSURG
FoR INCONEL 718 BeuowsS BASED ON MEASUCED HMENSION
IN MOST CASES ARE LoweER. ok ABoUr ERUAL [0 THE TEITED
vALUES . [ EXCEPT OME ouT oF TOTAL SIXTEEN BELlowS, wHEH
HAD A PEEDIETED SRUIRM PRESSURL= (9F Jo HIGHERE THAN
THE ACTUAL- TEST VALVE .]

THE AISI 32/ BEWUONS , HOWEWE, D0 NOT GIVE
AS PREDICTABLE REIVCTS AS THE INCONEL 718 BEUOWS. /A
S/xmeeN OUI OF THE TWENTY BELowS T&7eD, THE PECDICTED
SQUILM PEEISULES BASED ON DEAING DIMENSIONS  ALE
SOMEWHAT [OWER OB COMPARABLE To THE JEIT VALJES,
THE PEMMINKNE  FovB (4) Bellows AlL HAVE HMHIGH
COMPUTED VALWES , THE MAXIMUM BEING TwWICE 7HE
JERTED VALUE.  THE SAME Four BEUOWS MSO GIVE
HIGHER. MINIMUM COMPUTED SQuiers ARESSURES WHeN
ACTUAL  MEASURED DIMENSIONS A€E  USED .
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LP3UULTS — SQuieMm pesssvee  ( conT D)

THE OVERALL T&T EESULE INDICATE THAT MNONE OF
THE PEEDICTED SQRUIRM VALUES , NOE THE COMPUTED MinNIMuM
SQUIRM ExceDs Moee THAN Twice THe TEST VALUE — An
OVERALL RE3ULT WHICH IS CONSIDERED 70 BE QUITE GooDd
SINCE €VEN IN THE BUCKLING OF SHEWLS, SUCH AGRESIMEST
BETWEEN TEIT [ATA AND FREDICTED VALUE wWOULD HAVE
BeBN CONSIDERED ACEPTARLE . ASIOE FRor TH1S
OVERALL PICTVES, THE MOST SIGMIFICANT EESOLT (4 THIS
PEVELOPMERST PROGEANM IS THAT FoE BE&LowS oF 10e5Tical
DEAWING DIMENSIONS THE IANCONEL 718 REUOWS HAS
THREE (3D JirmeS THE kM PREISURE OF A/S) 32/
BaUows . A TABLE oF CompaLISoN, INCLUDWG THE
PEEDICTED AMLUES |8 StowN OF PAGE 24 . JHE
CEMACKABLE CONSISTENCY OF THE COMMAAMEATIvE LESULTS
COMLETELY CONTRAPICTS THE CONVENTIONAL SAuerA
PESSURE ForRMULY 2T Z/a; WHERE  SEa 1S PROPIET oAl
TJo E .
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EESULT S~ SeuiRM Pecssuee ( Bercows TesTed wiTy ok
WITHOUT LGHT BwDs )

THE RESVLTS OF THE MISTREATED GRouP ofF
BELowS TEXTED WITH~ OR wiTHOUT LIGHT SHEET METHL
BANDS ALe TABULATED oON PAGES 255 26. IF BESUTS
OF THC Two T&T SR/ MENS wiTHoJT BANDS ARE vOIDED,
SEVEN oF THE MINE PEEDICTED VALUES FAWL wiTHIN
THE RANGE OF 0:586 AND [-083 7iMES THe TEIT
VALUES WHILE THE REMAINING Twe ALE HBOUT Thice
THE TEST SQuUIRM! PRESSUREY. /T HAS 70 BE PIINTED OUF
THAT THE PEEDICTED SAUIRM PREISURE CALCUATION Do NOT
INelvls  THE EFFEC] OF PRESTRESSING= PUG 7O PRE-
DEFoRMATION S .

THE EFFEZ] OF PRG-DEFoRMAT ol ON INSTABILTY
CAN BE B3] (LUSTEATED /A TABLE OF ContPreiSont
SHowh) ON #AGE 26. WHILE A Pos(7ive STATELERT
CANNOT BE MADE DUE T0 LMITED TET RESUTS, |T HAS
TO BE NOJED THAT CONVENTIONA(. SQu/Rm [RESS VS
FORMUA 2T SEa/L. DO NOT QUITE Mol TRUE HERE
(IN CASE OF CONSTANT S ) IF INTIAL STRESS IS 7O
BEc APPUED ,
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¥ BASED ON MEASUBGD D/MENSIONS SHOWN ON Tws PAGE.

sussecT: _ NASA  Bauows SQUIEM DATE d’-lﬁ—eﬁ,

| PROC LA M pace 22 or PAGES

By: ___D. SHEN JOB NO

QOMPAelSoAI‘ OF _CoMPUTED 5 TESTED .S02/6 PATES (inie.7/8 Bertows)
1TEM [OBT T ar [0 [ netan) e anoperaa] smoee avse
qloza-| |35 Ta2d | 0-°AQ1T| 001 ()] 1473 - )] §0.0
Qroa-2 |38 =37 | 0:0705 | 0.01()] 1345 |500.0 | 1,025.n
Q05 -\ 3216 2423 | 0,015 | o012(t)] A5W 2,000.0 | 2,0000
qros-2 |35 | ook |ooacol 2404 | 2,230.0 | 2,260.0
Q112+ % 0009 |o0i12(M)| 13N ,380.0| 1, 3560
AUI~-2 3""'7“&%3 0.6685 |0.012¢1) 1,3?4 |ASO.O [.290.0
Qua- [ 27| 0059 |owiu)| 6147 140.0. | 5480
qua-2 | B¥R20e| owst [swo1e)] 632-3 115.0 5000
auk- [ 39%27%] o.om lewic) 2693 3/2,.0 2630
qui-2 |72 133] owmas |00l 2706 | 332.0 | 240
qi-) % 0.069% |0.61250) 463 40650 4160
q12j-2 | ¥ 2.905] 0.06% Joorsyy| SbID 5260 4/0-0
2123~ |33 579q] 0.06) [0i0f )| 26).9. 2630 | 960
41232 |3 5Tay| 60615 |00l ()] 25%] 2940 1770
N2b—| [3530] 006z | vons| 5248 546:0 | 4/6.0
9126-2 PTearag | 0064 e ()] %933 | . 3130 | 229.0
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| NCONEL 718 BELLOWS

THE [Follow!NG TABLE SHOWS THE COMPARISON OF CALCUIATED AND

TATED SQUIRM PEESSURES.

SAUIRM PRESSURES (PSt)
e | e | Ty stom [ e o AT e
q/02-) /1500 /498 |46 —19FR /420-/920 -
qlo2-2 )/ 00 (/83 HIZ =1508 | JOIZR —=/403 | AnGUMTeD
g 105-) /900 R000 2017 — 2740 /832 - 2520 -
q105-2 /360 (960 /368 = 1§62 | 1197 ~165F | Ankulates
qi1a - ) 700 AR 00 U'"\W/7z3 —2218 | /1860 —2525 -
Qr12-2 /210 /405 1107 — 1763 | //E6 — /643 | pNGUWLATED
q114-) /390 /Re0 1272 = 1688 | 477 —/580 -
G14-2 958 £30 908 -/2¢7 £9)— /230 | AnGuinTeP
1§~ 352 576 536-571 496-58] -
GUE-2 483 680 388 -529 262-588 [euiaten
1210 -/ 78 3 §30 - §48-993 86 =/0/0 -
9r21-2 637 625" /14 - 524 6/8 -§52  |MantaaTd
“1123-] 763 S5 6l = )2l 626 - 733 -
9123-2 525 420 456 - 577 | 483 -657 [retontn
G1a6-! /300 9/0 930 - 1231 (036- /210 -
2262 | 77 662 | ae/-588 | #5626 [Awur

¥ L Detreer ANGULATION | OTHERS ARE AnuUATED (5 DEGREES

t se= P 165 C4 FOR exPLANATION
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N I R o i A
q101-2 |33 o737 | 00005 | 00090y G407 | 670-0 6250
qio? 3‘241144(0 00l Jo-0105@) 3,423 20000 2360-0
qlod-2 | 33537300615 Joon )| 1,729 | 1330.0 | 12500
Qlele | ¥2¥ 2442 00kt foous@) %18 2,080.0 | 26100
q(09 3"4'02'3.%3 0,04 0009 ()] SASZ 5130 -
A=l 3387337 | 0,067 [oon@) lo%a q910:0 | 976-0
AU L1-2 337724 | 0.0bsT [son ¢ 1103 ¢5)-0 | 1,050:0
QU3+ |3384700 | 0058 |oooge] 4947 33850 | 3170
QL 3-& 3'36",@403’ 0.05€ o.obfio) 494 .7 S00:0 334.0
Qs [ 338537, 005 000 ) (967 1010:0 7550
Qb [ *3%575,d 0.059¢] conw) 961+ 3 400 | 250
Q117 360 )i oiwotyy | sisoqu) (1§17 2080 /750
a119 3581 2a¢| a0k |oon -£71.9 - 4170
Q120 362574 | wobas | ooy 391 263:0| 2940
Q202 % 0.0b3¢ |00 4417 2780 A7%4:0
9122~ |3 +<Tp | 0.056 loweqm 497 | . 1280 | 1190
q12.2~2,| 2507899 | 6.053 |o00quy) (88F | 135.0 1140
24 |35%393 | 0,069 o.on(z3| 49-2 | 4mM.0 | 2600
quas- |25 erag| 00628 [o0 ()] 3452 - | 2040
02523370 | 0wk owu(n] 335 - 3130 | 2700
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SQUIRM PRSSSURES (PR3 t1)
VTEM | ared ome oot ot | TR SO0 e i e NOTE
qi0l -2 276 391 222944 | ANGULATSD
q103 SYL [ 145 0}~ 4%
9104 -2 30y 6638 3713-39 ¢
9106 130 | 0¥ 763~%19
Q109 24" 32.0 1S¥-(70 | ANGUWTeD
al- 46 4 459-4%3 -
Q-2 324 5%0 324-340 | ANGUATED
q113- 3l 1%0 319 -339 -
Qi3 25 290 (99 - 21| ANGUATED
Qs sv¢ 730 67% -V | AIGUULTED
Q11 b! 4% 63§ 462-490 —
AN 312 b2 237 —257) -
g 3§U 37¢ 43§ -45y | AbuuTen
4120+ 416 LT 331 -39" —
Al0-L 16 200 |\ & —196 [A%onTe
q122-1 320 \70 33— 24y -
4122-2 142 200 U3 -11q  [Pr¥uwten
4124 dy 36X 3% 350 | MXGuaTen
1125 -] 440 2570 327-3%0 -
1252 |62 200 | 1€9-19¥  [evares

¥ 10 AGlATIN 5 OTueRs 6° AdGULA o
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CoMPALISON OF SQIM PRESSURES FOR [NcoNel 78 T Y532/
BELLowS OF SAME DRAWMG DiMeNSioaS

THE (DLLOoWmG TABLE GIVES THE CompARISIN OF SRUIRM PRESSURES
OF INCONEL 78 T s 32 BUOWS MANJIFACTURED Flont THE SAME
DRAWING AND TE&TED UNDER THE SAMG CoNOIT7oNS.  [HE ComPAfisea
OF CACUATED sQuiRkr PRESSURES BASED aN MEASURED DM 6NS
15 NOT (NCLwDED. | |

J;TEM':O ARNGULATION %fslé%lm;regwﬁ%gu TRTED SQuem 'm‘méﬁl 32
32 |18 ( D REss) %5 321 [INCTI8 (%5 32) |INncU8 | cALe, | TEST
0101-2]1102-2) A 276 | 100 | 397 g3 | 349 29¢
9042|2105 (o 365 1360 | (of QGo | 373 2:94%
Q-1 {qi12-t @) 4, 1700 | 145 | 2200 | 36> | 245
Air-2|9112-2 b 324 | 1210 | 550 | @of | 373 | 256
au3~1 1914~ 0 3a) {1390 | 3% | j200 | 356 | 210
13-2| A4 Y (o 252 | as3 290 | 830 | 3Bl | 240
" |qukA O A | OSSR | (6x 516 117 3.19
(I TN, o} 416 493 217 §¥30 | 23 20
G120-2{ 91212 | % 16 | 637 200 | 625 | 36n | 3IA
9122-1{4/23 o) 336 | 163 70 | ms | 226 3.0
¥ | W22-99/234 [ 20 142 Y51 200 420 | 37 21
¥ |925119s24- 0 440 [ 1300 | 250 | 10 | 29k | 3.4
Y252| 91263, ) 2 1 | 1N 200 | O62 | 374 | 3.3

% TXCPT Hess _nv{gggeg) INConEL 118 Bellons APPEOXIMATELY 3 TIMES THE SQuiemM
PRESSURE OF THOSE MADE OF 5 32|
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£-19-65

PAGE 25 OF

PAGES

JOB NO

BeEwowS wWITH AND WiITHOUT LT BADS

Corppeison OF CoMPITSD D TETED SQUILM PRESURES .
N, wo. oF comwvoluTionss (0

ITEM | TP Brscoon pud | sauin e 99| g 5"
M(PS)| Dimensaus (ps1) | MBS OM. (pg))
g(0(—/ 520 411 335362 | EWpS BuaeD =0
(04 - 76o s 5§30-SYY | ENDS BulaeD -
q/07-/ $0o 420 36¥-39) ENDS BULGED N
9/07-2 4q0 420 3430 | NOBMD, Ve Rulnd #0:5
q/08-] Qo0 52 S¥)-$5)S | enps Busen =0
qrof-2 2N0 521 26-316 BUDS MISALIGRED -0.5
9/08-3 300 S 27 296-31( | NOBMP, 805 305D | -4, 5
9133 | aso 39 | 323-3¢0 | UTTE BuGner | 4o.g
411b-2 64 ¥ 4%0 261 -27) | UTTWE RUERGE |-
g125-3 o0 440 163 =1 ALMOST N0 BULGANE |—0: S
* 9,233 | Jov 163 4(A-123 | AMOST NOBULGING |10.5
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No. _M—(79%
sussecT: __INASA  B&lows SQurémM patE__8-19-6%
PLaGEAM pace 20 oF PAGES
BY=M/ JOB NO
CoMPUISON OF SQUIRM PRESSRES wTH 08 wITHosT PRE =

PEPEMATION - AR BEULOWS OF SAME PRANISG DnfENSIans

THC follow/wG TABLE GUVES THE CortPIRISON OF
SQUIRM PEESURES FoR BELLOWS OF SAME MATERIAL. AD
DeanING DIMENSIONS EXCEPT DIFFERENT TESTED FLEE
LuGTH . THE R oR -3 Beacows 15 Appeox. 3" LonGer
OR SHoRTER THAN -/ Beuows. § 15 APPLIED To ThHE
Bewows PRIOR 70 THE S@uierM TEIT.

toeeDicTep oM 0 ” y ¥
/TEM P 127;' &) TEST P’;Sa(ﬂz“ J L
G108 -1 5277 go0 0 2:28
Q108 -2 270 -0-5" | 1-888"
- o © 228"
2113 -1 39/ 38 ’
qr3-3 480 +0.5" | 2:-877"
9 l1e -/ 638 0 2-28"
4 8o .,
qI116-2 - 648 -05” | 190/
- ' s o 228"
2/23-/ 763 5/i 8
2/23-3 708 +0:5" | 3353
125 =/ 250 o 2:28"
? 440 ) ,,
9/25-3 Lov ~-0:.5" | 2:433

. SN R wiere L= TesTed [oleTH Q- Frer levGTH.
L IN MOST CASES, DEpeIps oN [ . FOR J=0 Beuows, THE
SPEUIMEN WiILL BE DeFormeD To ' RE&GAROLEss oF X",

T EFFEUT oF 4 /3 NOT INCLUDED IN  PEEDICTED SQUIRM CALCULATIONS
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NO. M1 T4
susJecT: _ NVASA R&LOWS S@ueM DATE I"MPG)/
PROGRAM PAGE 2] oF PAGES
BY: - SHEN JOB NO
DiscussioN - SPenNG PATE
LoAD
A TYPICAL LoAD- DERETroN /s
LOOP IS ILLUSTRATED AT RIGIHT. // 9
THE ARROW HEADS AND THE NUMERALS oA TERsoN
[N CBLLER |NDICATE THE SEAUENCE /o
OF TRT PROCESS. THE Soub | / e DEFLEZTIoN
LINER ABE TYPICAL. FOR MOST oF | /
THE SPRING RATE TEITS WHile THE ®
DOTTED [INE COMPLETES THE
UNFAMILIAR HALF OF THE SPRInG Compesssion

FPATE TRT LooR  HowEVER, THE
GrEnERA( (OAD— DERLETTION CURVE LoAD- DEELEZTION LooP OF A
SHOWN (Fok THE GENERAL SPiNG EATE TEXT OF BELLOKWS
CONVOLUTED BRetlows CLASS) MAY
NOT HolD TRUE [F THE TRT SERUEIU
[S BeV/ERSED .,  SoME OF THE TEIT OBSERVATIONS oF THIS
DEVELOPMENT PROGRAM CAN BE MOTED BElow :
(@) GENERMLY, THE AXAL SPRING @ATE SE
IN TENSION ExceEDs THAT IN CorppRoN. Howsrer,
THE OPPISITE (S NOTED onl SOME RARE™ OCCASIONS .

REV.2/64

138

oi

THE Axial sPemiG BATE OF A BLows AT A GiveN LoaD oR

DEFLECTION (5 MERELY THE SWPE OF THE CURUE AT THAT PoisT.
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DriscussioN — SpemnG RATE C CoNTD )

(b) THE END POIRT € USUALLY ENDS UP wiTH A
SHALLOWER 3LopE THAN THAT OF THE STARTING PoT O -

(c) THE AXIAL SPRING BATE /N AFTEL-SI2Z/NG-
CONDITION 1S IN GENERAL , LoweR THAN THAT IN AS-
MANUFACTVBED CONPITION.  THeE REASON atAY BE
EXPLANED BY  (b) |

Cd> THE PEEMANENT OGT AFTEE Bellow)s EXTENSION TEST
ALWAYS EXCEEDS THAT AFTeR CortPecsson TEIT.  ( IF, AMOWT
OF EXTENSION = AMOUNT OF COMPRESS/on )

(€) /A ALMOST ALL CASES, THE COMPUTED SPRING RATE
FRom REF, 5 — GIWVES MHIGHER VALUES THAN THE TEST REIULT.

(3> WHEN COMPARING WITH THE COMPUTED SARING-
RATES FRomM REF. S5 , THE /NCOVET T/8 Becon/S TEIT REUTS
EXHIBIT  GooD COREELATION WHILE THE AISI 32/ BEUOWS ASUTS
VARY auTe A LdT. '

() AL THE 2Ry BEULowS Bent TERIET 1A Tw/s
PROGRAM GivE MUCH LOWER. SPEnIG RATE THAN COMPUTED,
THIS MAY GBE ATTRIBJFED TO THE FALT THAT THE INMER. PLY
OF THE BEUMS |S ASSUMED T2 HAVE THE SAME SPRMCG
RATE A< THE OUTER PLY IN CompUTH Tion.

(caNT’o)
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DisCuss/ion - Spema T  CaonTD)

(L) WSucce3Spul  ATTEMPTS WEBE MADE 7D
IWVESTIGATE LINEREITY AND NON-LINERRITY oF BELlows
SPRING RATE . LAck oF /NTEnsins STupY oN EFFECT ofF
HoOP STEESS (VPON EXTENDED OB CoMPRESSED BEUOWIS

SPRING RATE 1S CONSIOEBETS DIRELTLY EE3PNSIBLE For
JHIS. FAILVRE .

NOTE :  Se& face 39 FOR  PLIT of COMPUITED SpPemG RATS
VEBSYS TESTED SPRING RATE R IACOMEL & §
AlSl 321 Bertads
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BY: DSHen JOB NO

5AD) 138 REV.2/64

Discdssion] =  TANGENT mMobul)s £«

THE INTBODUCTI 0N OF TANGENT MooUlJS IATO
THE PEESENT CONVENITIONAL SEQUIRBM PEEXSJEE ForMULA
PEFINITELY (MPLOVES THE CORKELATION OF ANALITICAL
PREDICTION WITH THE TES] RESULT ( /N A GENERAL CoMVOLJIED
CLAsS).  THE AVMLABILITY OF A CoMPEESSIVE THIGENT
MODULYS CR/E FOR A CERTAIN MATERIAL POSES AN
IMMED/IATE PROBLEN - /7 #AS BerEnN] DEMONSTRATED /A
THIS REPORT THAT 1+ AN ESTABUSHED CoMPEESIVE STRESS
STRAIN cURVE 1S AVANABLE, TANGENT MODUS CUBVs
CAN BE CONSTRICTEPD wifit SUFFIC/ENT  ACCURACY
WHEN CoMPESSIves STEESS STBH1 CLRVE S NIT Awi/-
(ABLe , A TENSILE STRESS~ STRAMN CuvRe S&ms Jo Be
ADEQUMTE (N Some CASES.

SINCE Beows ARE FfolMED FRon] BOLLED SHEET,
[T MAY BE REMHRKED THAT 7HE PEOCESS OF EolLING
FREQGUENTLY PRIDIES A DEFIMNITEE ORIENTATION OF
CRYSTALS ; THUS THE SHEET IS SAID To BE AwNISOTEOPIC
T WHICH MEApNS THAT THEe EAST/ C PRIPERTIES ARE
DIFFERENT IN DIFFERENT 0/&-277 INS . [N THIS PBESENT
DEVELOPMENT TEZ], BEUOWS AS WELL AS TET COUPoNS
WeRe cUT AT RANDom .  THE STREIS-STRAIN CURVES,
CONSEQUESTLY THE TANGENT MopulwsS cuBves . RESULT

IN A QUITE WIpE 3SPREAD AS SHown ON PAGES C-4Jo(C6.
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DiscussionN — TANGEVT mMoOul)s Er  ( conTD)

THE GENERA L SIMILARITY OF SOME [NCONEL T8 curk
SHAPES  MAY wNOT IMPLY THAT THE CoREEIPODING TEST
COUPSNS ARE CJT (N THE Shntt D/e.ez_pa/u', BUT THEY Po
SUGGET THIS POSSIBILITY - AS INDICATED  on
PAGES ¢-25C¢3  (TENSILe TEST OF COUPON'S CUT AT GO
DELREES To EACH OTHER), A NEBLIGIBLE CHAMGE W
ELASTIC PROPERTIES FOR A(S/ 321 IS INDICATED BY THE
TET ASUTS, wWHILE INCONEL 718 SHHows A MARKED
PiFreRBICE ( ANISOTROPY ). /7 Is INTERGTING 7o NITE
THAT ALMOST AlLL THE TEST BESULTS OF [AoNEL 718 BELOWS
APPEAR  To BE VERy CLOSE TO EI7THER EXTRENMES OF
THE (OMPUTED GROUPS AS SHOWN oOn PAGE 21
(For EXPUANATION OF GROUPS, SE& PAGES 16§C4)
JH1S , OF CoUESE, (s NOT TRUE [N THE CASE OF A/IS) 32
Beztows. '
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Discussion - SQuieM PESSUEE

[FO€ BELULOWS TESTED /N THE STRAIGHT FosiTron
AND AT & DEGEEES ANGULATION, SQUIEM WHS Vis/BLe
ARD N AL CASES COINSIDED WiTH THE PRESSVRE DRopP
AOTED ON ThE STRIP RECORDEE | A TYPICAL examPLE
OF THIS PRESSURE DEoP 1S SHOWN ON PAGE 30 .
THE MoveEmEN]T OF A CONVOLUTION TOWARDS ANOTHER-
FOLLOWED BY OUr-FoLD /NG OF THE INNER  Cordvoldfion)
IS THE USUAL SIGN OF BEUOWS INSTABIUTY . Folk
SoME INCONEL 7/8 BeuowsS, THEY SPRuNG BIGHT BACK. 70
THE CRIGINAL SHAFPE |F THE INTRNA(L. fRESUCE WAS BLED
OFF IMMEDIATELY AFTER THE SIGN OF /INSTAGIL TY occyREeD.

BEltows TEITeD AT /2 DEGRES AVGULATION
BEHAVED EATHER DISEFERENTLY Dulnit- SQuient FRESURG
TET . THE PRONIUNCED SQURM DEFINED SPE/ALLY FR
THE |2 - PDEGREE - ANGULATED BeUows CAN 8= DESCRIBED
AS Follows. THE COWOLTIGNS ON BUTH- ENDS OF THE
COMVEX SIDE OF THE BEUOWS GRADUALLY GRoUP
TOGETHER  WHIE THE FEW MDDLE CONVOLUTIINS oM
JTHE OPPOSITE 310 ALSO SLOWLY TOUKH EACH OTHER. .
( SE& SKEJCH 0N NEXT PAGE) THE FOINT OF INSTABIUTY
/S DEUDED AS THE PRESSYURE AT WHICH PERMANENT
DEFORMATION REMAINS AFTER THE PRESSURE [S RELEASED .

(COATD)
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AS INDICATED IN THE SQUIEAM EQUATION , THE CRITICAL
PREBSVEE |S DIBETTIY PROPORTIONAL TO THE AXIAL SPR/NG-
RATE As WELL AS THE TANGENT AMODULUS . Arn0 /A
RECOGNIZING THE ACTUAL SPRiNG EATE BemgG MosSTLY
Lower THAN THE COMPUTED SPEING RATE WHICH 1S USED
/N PEEDICTIN G- THE SOUIRM  PESISURE oF A Betows , 1T
IS NETESSARY TO INVESTIGATE THE EFFELT OF SPRIG RATE
URN THE COMPUTED SQUIEM PESISURE . THE THEEE
EXAMPLES OF SQUIEM PEESSURE CALLU LATION IN APPENDIX A
ARE PBASED ON COMPUTED AxiAL SPEING PATES. THE SAME
THEEE EXAMPLES ALE REWOEKED WITH MEASURED SPR/NG
RATES /N APPeNOIX B . [Tca BE SEEA N THE catcud fioN
THAT THE CHANGE OF AXIAL SPRING RATE CHMIGES THE
707AC COMPRERS/y€ STHE3S AS ML AS THE TANGENT MODUKUS
Ex . AS SHowN OF PAGE 38 | THE RESUTS oF THE
THEEE EXAMPLES INDIATE THAT A MAXIMUM CHANGE oF
596 90 IN SPRNG PATE ONLY RESTS IN A MAXIMUM
CHANGE OF /1078 o N THE CALCULATED SAUIRM PRESSUEC,
THE REASON (BEMIND THIS IS THAT A DECREASE IN SPEING
RATE ACCOMPANIES AN [NCREBSE /N TANGENT MADULLS,
AND VICE VERSA,  THUS (T AFPPCARS THAT THE VARIAT7oN
OF SPRING RATE |5 EELATIVELY (MMATERAL AS FAR AS
SOUIRM PREISURE CALCULATION IS CoNCERNED N THE

! AT D )
- N [ 4 7



RESEAVE THIS SPACE FOR SINDING.

REV.2/64

0 138

SOLARY

ENGINEERING REPORT

A Division of International Harvester Company %, M-/?Q’L
susJecT: __ NASA Bellows Spuipm DATE __§ 4663
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BY: B sHeN JOB NO

Discyssion)= SQuibum AR&Syes  (conts)

/NELASTIC RET1ON. HoweVER., IT SttoutD BE MENTIONED
THAT THE ABOVE STATEMENT ;S BASED oA TRE PRESEJT
SQUIRM PREISURE  FOBMULA— AND THE THEEE ExAMPUS
CITED WITHIN THE SCoPE OF 7MIS DEVLOAIENT FPROGEAM.
THE OVERALL RESNT OF 7#H/IS PLOGRAM CAA
BE CONSIDEEED QUITE SATISFACTORY .  THERE ARE
A FEN REASONS THAT MAY EXPLAIN THE INPREDICTABILITY
OF THE INCONEL 7/8 AND AIS/ 32/ BEUMWS O7reR THAN
SOME REFINED CoNSIDERATIONS OF THE PeEReNT MaY A ET
SQUIRM PREISURE FoRMUILA. THE REASONS ALE AS Follows.
(a) THE STEE3S- STRAN CurEs g THE CovPons
ARE OBTAINED FEONM THE TENSILE TERT INSTEALD OF FPory
A COMPRESSIvE TEST.
(b) [NComer UE GIVES A REUTIVELY CoNSTANT
MODVWS OF EIASTICITY WHEREAS ISt 32| EXHIBITS
A UNEAR PROPERTY O/ER ONLY A LERY SMALL PANGE.
Ce) 1T 1S DIFFICULT TO OBTAIN ACCURHTE MobLULLS
DATH FromM THE LOAD - DEREZTIVE CLRVES DIRETTLY PRODXET)
BY THE PLOTTER (ONNETTED wiITH THE TENS/ILE MAHNG ,
(d) MINOR ERRORS ARE BoUND [0 EXIST IN MANUVAL
CONSTRUCTION) OF TAMNGENT MODULUS CULRLES FRort THE

STRESS— STEAIN  [WTH-.
( conTD )
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E) THE BIGGEIT SINGLE FACTOR. /S THE
INCONSIS TENCY 1A BRLOWS GEDMETRY /oM ConvoldTion
TO CoNVOLLTION . SUGHT vARIATIONS /N SN
HEIGHT, RADIUS, THIENESS €TC., cAN MAKs some
DIFFERENCE” /1N THE FINAL TEST BESULTS .

NJTE:  Se& AGES 405 4| For PLOT OF ComMPUTED SQUIRM
VERSEX  MEASULED SO URM PRESVRE FOR [MONEL T8
AND ArS) 321 [Beuors.
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CONCLUSIONS AND BECOMMENDATIONS

FEOM THE EESUTS FBEIENTED , 7HE 1dllow mlaT
CONCLUSIONS AND BECOMMENTIONS ALe NOTED

(@a> THE OVEBALL RESULTS FlowioE NETESSHARY
COMFIDENCE IN USING THE MODIFIED SQUIEA PEEISURE
EQUATIoN Ry = 2T Sk Ef ||

(b) 1T APPEARS THAT THE PROPOSETY METHOD JO
PEEDICT BEUOWS SQUIRM /4 AN ANGULATED AsiTroN
GIVES SATISFACTORY CokReTATION WITH TE&T RSULTS.

Cc) THE yACIATION [N COMPUTED AND MEASURETD
AXiAC SPRING RATES OF A BEUowS BOES NOT SeeM
T0 GFFECT THE QUICOME OF THE COMPUTED S@uier)
PRE3SURE fOR BELONS IN THE /INELASTIC REGroN .

2 THE SQumr PRERSURE OF AN /AcoNel T7/8
BEWUowWs Cav BE CONSIDERED 3 TInaES THAT OF AV
AIS! 32) BeUOWS (F THEY AREs IN THE INELASTIC EeGrioN.

(€> BAseD ON THIS STURY, SAFETY FACTIRS
OF AT (EAST 2 FoR AlSt 3R) Bewtows AND 'S For
JNCONEL. 8 BAULOWS ARE RECOMMENTED FoR THE COMPAITED
SQRUIRM Pecssvls ,.C LrmiT 7o GENERAL CoNvolLUTED cz_Ass]

(5;7 THGE TAMGENT MoDUl CURVES FoRk INCRIST IS
AND AIS! 321 oN BwGE ¢l CAN BE USED oL SauikrmM
PEESSURE preDICTIONS PROVIDED THE SAFETY FACTORS

/N (€D Afe USED
(cont’D)
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Cormctustons AND  Rezopime oaTions  (CoTh)

(g) FBESTEESSING- THE BUows BY Sqension
OB COMPRESSION DO SeeM 7o CHANGE THE S@URM
PREspE . HOWEVER, NoRE AND BETTER ~CoNTROUED
TE]S UME 70 BE CoNDUGTED Td VERIFY THIS STAJEMENT,

| (L) An /MMEDIATE _/A/Ves7/5-,47'10'd OF THE

INEASTIC BEHAVIOR. OF |NCONET /8 AND AISI 32/ /5
KELOMMENDED . (3 BaTTom oF &€ 33 For PROPISED
CLUE) THIS (NVESTIGATION MaY PRoVIRs RETTER
VNOERSTANDIIC OF THE CONSISTENT CALCUATED AND
BT Ruprt AESSURE RATIOS OF [NCoNSL 7/8 Beltays
To Ar1S) 32/) BeELoNs .

() A THOROUVGH AND RIGoROUS ARALY TICA(L
STLVDY SHoulD BE LeREMED TO OBTAIN 4 BETTETR-
UNBERST?HIDMG  OF BedtonlS AND CoNSERUENILY To oS7an
MORE AccubaTe SPenGr BATE AND SEuitr PRESSVLE
EXPRERSIENS .  CHANGEOF SPEING PATE AS WEL As SCURM
PREZSUBE DUt To EXTENSKAN OF ComPesssioN oF A B8&tonss
SHULD ALSO BE ANALYTICALLY /MUK TIGATED.

(J) SRURM RBSVbs TE3TS [PL. BUOWS WITH
VARIOUS (D METRICAL CONFIGURATIONS MUST AE PCBFoRMED
TO OPTIMZe THE SQuURM DESIGN oF A BLoWS,

(KY BEUows (N AN OFF-SET POSITION SiHouD BE
ANALYZED AND SQu/RM PEE3SURE TESTED.,
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REFEEENCES

. Beuows DESIGn DATA' SAAL BERET ££-1049
by H. L/ibGgeeN f A. M. CvieTkounc

R 'INSTABILTY OF BALOWS SUBJELTED 7D INTERNAL
PeSSSURE" by J. A. HARINGX  PHILIE EcSEMCH LPORT roL 7,
1952 pp 18990 -

3. AN INVESTIGATION OF THE EFFELT OF INTERNAL 0€
EXTERNAL PEESSURC oN THE BENOING (HARACTERISTICS OF AN
ACTUATOR SYSTEM UNUZING A BeLLows’. by P Seloe
SPACE TEHNOLOGY lAB. BeporT NO. EM §-25°  DeT.3/, 1958

4 'ANALYSIS OF STREXSES IN BClows ' PeT 1 by
W. F, ANDERSON. PRELIMINARY CoPY , REPORT NAA —SR-4527
AToMICS INTERNATIONAL. . JulY, 1904,

&. SOLAR |BM PROGEAM NO. 224 BASED ON ANALYSIS
OF U-SHAPED EXPNSION JOINTS' by A, LAUPA 3 N.A, wEIL
JAM. uaecH 1962 PP 115123

6. 'LiQuiD HYpROGEN FL&?/&G DT NG TeTHNOLOGY '

PLOGEESS REPORT § OF JotAR REPORT ER 1473-S5 by
H.T. MIsScHEL | [ Covers PEROD NoV, | To Nov. 30, 1964.]

7. BEUOWS ANALYSIS | SOLAR REPORT M -~I730 by
G.W. Boweps i D. 7. SHEN JAn. 1965,

9. 'DEVELOPEMENT TEST REPORT PR 3" D CoNoWTED
Belows [ DSk 9tol~ 126 )" SoAR BePorT 14960 by S. BacL
MAY, 1965

9. MEALS HOBK (ASM) (348 &DITioN  p. /4
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TYPICAL SBuiRm PESESVBE CALLIUATION

THE FOLLOWNG THEEE SETS OF CALCULATIONS SCBUE AS EXAPLES
Of COMPUTATION OF SQUIEM FRESSURES. |

(a) Baows 9103 (AIS] 321)

N= 10 convolfiodS ], DeFleefion = +0.012" Tansion
N R pLES | 8, ANGUATIoN = 6.0 Desters
L= ©-0105" P pPLY ‘

0.0= 32977 . Qe0066”

/-D.= 2:940" L=2.46"

Feom Kef S, MeriDonal BenDiNg STRESS = //3/, 4@0/»//
DUETo {6 4

SR , SPRING EATE = 3423 (B

Te | 7ot coupeessue sTess- (£ + Sambu ) Ex

»n £ L E
WHERE §ml_§_»l IS ComPRESSIVE STRESS Duc To /W JJERMAL PeESS b
nt
fb 15 COMPEESS I vE BouDNG STRES DUE ToJ | &
= .LDiLQ.. = /o5605 i E= 27'5 X/Oélps/
o fe = (131 460 + 3423x . TET ) Ec

A X 0n0fo5 X296 £
= /4570 xr0™® & ps/

AD)
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(a.) Bauows G103 (conTD)

WITH {g/mo x 107 E. pst

BY Trial § ERROR oF Prering E,
To SATISEY f. CORRESPONDING 7o A
GRAPH SowN ON P. C-5 | PANGE oF
Et CAN B fouwD To BE 266 x/0°
7o 283x (0% psi

o B, SQuiesm peessubs = 21 S&X? + % Ex_GearH

= Z-’rz 3ﬂ3 % E & PS'
296 225 x/0°

THUS Per IS Fousd To BE wiTHW To3 psi § 748 pst
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TYPICAL SRUIRM PEESSUBE CALCUATIoN
(b) Beuows 9/06 CAISI 321)

N= Con Vo LUTioNS

J, DERTioN= +0.092"

N= R PUEs 6, ANGULATIN= &*
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1.0 SCOPE
This report is written to establish a test procedure necessary to

obtain basic design data and to determine optimum bearing materials
and coating for special ball joint assemblies,

PAGEK
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2,0 APPLICABLE DOCUMENTS

The following specifications and drawings form a part of this
development test procedure,

a, 44400 - Engineering Drawing - Wear Test Fixture,

b, DSK-9434 - Test Hardware Description and Surface Finish
Requirements
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3.0 TEST EQUIPMENT AND STANDARD TEST CONDITIONS

3.1 Test Equipment

3.2

All instruments utilized for testing are calibrated at scheduled
intervals. The equipment and instrumentation used in conducting
the test program are as follows:

3.1.1

3.1,2

3.1.3

Vacuum

a., Welch 5 CFM Vacuum Pump and associated
equipment,

b. Veeco Thermocouple Gauge, Model GV-31
(DV-1M gauge) - Range 0-1000 microns,

Deflection and Measurement

a, SR4 load cells - Baldwin-Lima-Hamilton, Range
0-500 pounds and 0-1000 pounds,

b. Varian G-11A Strip Chart Recorders.

c. Sanborn Oscillograph, Model 150 series.

d. SR~4 Strain Indicator - Baldwin~Lima~-Hamilton,
Type N.

Miscellaneous Equipment

a. Actuating Test Fixture - Solar Drawing 44400,
b, Pressure Test Gauge - Range 0-10,000 psi,

Standard Test Conditions

Unless otherwise specified, maximum allowable tolerance on
test conditions shall be as follows:

2o

Ambient Conditions

1.
2,

3.

Temperature 80+20F
Pressure Local atmospheric
conditions

29 to 32 in/Hg.
Relative humidity 20 to 95%
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3,3

b. Vacuum 1071 t0 10~2 Torr range
c. Pressure +1.5%
Test Reports

Solar Research Laboratories shall be responsible for the prepara-
tion of the final report. The report shall be a complete and concise
record of all phases of testing with applicable data obtained from
the test results, Original test data shall be retained at Solar
Research Laboratories and available to Marshall Flight Space
Center upon request,
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4,0 TEST HARDWARE DESCRIPTION
The following test articles shall be subjected to the development test
described herein. Each test article shall be identified as shown in
the following table.
Typical test specimen consists of a contained block and shoe assembly
as shown in Figure 1.
TEST SOLAR
ITEM IDENTIFICATION TEST HARDWARE DESCRIPTION
(P /N 44400)
-2 -7 block Passivate/MIL-S-5002 and dip in Molydisulfide
solution -Electro-film #1005 (cure cycle per
DSK-9434), Mat'l: Inconel 718,
-26 shoe surface finish - Mat'l: Inconel 718,
-1 -7 block Passivate/MIL-S-5002 and dip in Molydisulfide
solution ~ Electro-film #1005 (cure cycle per
DSK-9434). Mat'l: Stainless Type 321.
-26 shoe surface finish - Mat'l: Stainless Type 321,
-3 -7 block ¥ surface finish - Mat'l: Inconel 718.
-26 shoe ‘} surface finish - Mat'l: Inconel 718,
-4 -7 block Bond Turcite Type A insert (width 0,99-1,00") to
-7 block (bonding procedure per DSK-9434),
Mat'l; Stainless Type 321.
-26 shoe ¥ surface finish - Mat'l; Stainless Type 321.
-5 -7 block Bond Turcite Type A insert (width 0,99-1,00™ to
-7 block (bonding procedure per DSK-9434),
Mat'l: Stainless Type 321.
-26 shoe \l‘/ surface finish - Mat'l: Inconel 718,
-6 -7 block \ surface finish - Mat'l: Stainless Type 321,
-26 shoe “} surface finish - Mat'l: Stainless Type 321.
-1 -7 block Passivate/MIL-S-5002 and dip in Molydisulfide
solution - Electro-film 77S (1 hour cure at 375 F),
Mat'l; Stainless Type 321.
-26 shoe r/ surface finish - Mat'l: Stainless Type 321,

PAGE 5
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TEST SOLAR
ITEM IDENTIFICATION TEST HARDWARE DESCRIPTION
(P/N 44400)
-8 -7 block Passivate/MIL-S-5002 and dip in Molydisulfide
solution - Electro-film 77S (1 hour cure at 375 F),
Mat'l: Stainless Type 321.
~-26 shoe | surface finish - Mat'l: Inconel 718,
-9 -7 block W surface finish - Mat'l: Inconel 718,
-26 shoe Hard chrome plate/AMS-2406C and grind |# sur-
face finish (. 015 plating after machine grind)
- Mat'l: Stainless Type 321.
~-10 -7 block tﬁ' surface finish - Mat'l: Stainless Type 321,
-26 shoe Hard chrome plate/AMS-2406C and grind (¢ sur-
face finish (, 015 plating thick after grind) -
Mat'l: Stainless Type 321.
-11 -7 block Coat with Haynes Stellite Alloy #12 - l} sur-
face finish - Mat'l: Stainless Type 347,
-26 shoe Y~ surface finish - Mat'l: Stainless Type 321.
-12 -7 block Coat with Haynes Stellite Alloy #12 - U sur-
face finish - Mat'l: Stainless Type 347,
-26 shoe \5' surface finish - Mat'l: Inconel 718,
-13 -7 block Torch braze Asarcon 773 insert (width 0, 99-1,00")
to -7 block. Dip in Molydisulfide solution -
Electro—film 77S and cure 1 hour at 375 F -
Mat'l: Stainless Type 321,
-26 shoe ‘% surface finish - Mat'l: Stainless Type 321.
-14 -7 block Torch braze Asarcon 773 insert (width 0, 99-1.00')
to -7 block, Dip in Molydisulfide solution -
Electro-film 77S and cure 1 hour at 375 F -
Mat'l: Stainless Type 321,
-26 shoe & surface finish - Mat'l: Inconel 718,
-15 - =T block Torch braze Super Oilite #16 insert (width 0,99-
1,00") to -7 block. Dip in Molydisulfide solution
- Electro-film 77S and cure 1 hour at 375 F -
Matfl: Stainless Type 321.
-26 shoe (4~ surface finish - Mat'l: Stainless Type 321,

PAGEK




REPORT RDR-1484 "B
IssuED December 7, 1965
TEST SOLAR N
ITEM IDENTIFICATION TEST HARDWARE DESCRIPTION
(P/N 44400)
-16 -7 block Torch braze Super Oilite #16 insert (width 0, 99-
1.00") to -6 block, Dip in Molydisulfide solution
- Electro-film 77S and cure 1 hour at 375 F -
Mat'l: Stainless Type 321,
-26 shoe |\b~ surface finish - Mat'l: Inconel 718,
-17 -7 block Bond Teflon coated glass cloth (, 014" thick) to
-7 block (bonding procedure per DSK-9434).
Mat'l: Stainless Type 321.
-26 shoe % surface finish - Mat'l: Stainless Type 321.
-18 -7 block Bond Teflon coated glass cloth (. 014" thick) to
-7 block (bonding procedure per DSK-9434).
Mat'l: Stainless Type 321,
-26 shoe /4 surface finish - Mat'l: Inconel 718.
-19 -7 block Passivate/MIL-S-5002 and dip in Tungsten
Disulfide solution - Electro-film #2606 (Cure
2 hours at 180 F and 2 hours at 400 F),
Mat'l: Stainless Type 321,
~26 shoe ‘I}’ surface finish - Mat'l: Stainless Type 321.
=20 -7 block Passivate /MIL-S-5002 and dip in Tungsten
Disulfide solution - Electro-film #2606 (Cure
4 hours - 2 hours at 180 F and 400 F),
Mat'l: Stainless Type 321,
-26 shoe ‘y/ surface finish - Mat'l: Inconel 718,
-21 =7 block Bond Turcite Type B insert (width 0,99-1.00")
to -1 block (bonding procedure per DSK-9434).
Mat'l: Stainless Type 321.
-26 shoe /4 surface finish - Mat'l: Stainless Type 321,
-22 -7 block Bond Turcite Type B insert (width 0,99-1.00")
to -7 block (bonding procedure per DSK-9434),
Matf: Stainless Type 321,
-26 shoe lﬁ' surface finish - Mat'l; Inconel 718,
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5.0 TEST REQUIREMENT AND PROCEDURE

5.1

5,2

General Test Program

The inherent nature of development testing does not allow a
precise procedure to be defined and established for the com-
plete test. The objective of the test and the general testing
method and conditions are defined as necessary to generate
de sign data.

The exact procedures are then modified to meet the objective
as data is generated.

Test items and Solar identification are shown in paragraph
4.0,

The test program shall be conducted in the manner and order
outlined below,

Wear Test

Each specimen shall be installed in the wear test fixture and
connected to the vacuum and actuating source as shown in
Figure 1.

5.2,1 Test Media

a. Vacuum - 107! to 1072 Torr range,
b, Ambient conditions,

5.2.2 Test Sequence

a. Install the specimen in the test fixture and connect
to the vacuum and actuating source as shown in

Figure 1,

NOTE: Add 44400-41 shim to maintain the 6, 000~
6,001 dimensions at block-shoe interface.

Verify specimen identification and surface prepara-
tion in accordance with DSK-9434,

b. Evacuate test chamber to 50 microns or less as
read on the Veeco thermocouple gauge.
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c. Determirne and record the break-away torque of

e,

the specimen at each static load condition of Table I,

This actuating force measurement may be used as the
baseline starting load condition,

Measure and record the actuation force using a
Baldwin~Lima-Hamilton load cell and Varian G-11A
Recorder.

NOTE: Actuating force measurement to be used to
monitor the frictional force between the shoe
and block surfaces as a function of time and
load increments,

Apply static load to shoe-block assembly equal to the
break-away torque value determined in step '"¢'' or
Table I,

Energize the actuating motor for the start of the cycle

test, Testing to be conducted for a minimum of 10,000
cycles or until seizure or galling of the specimen con-

tact surface occurs.

Galling of specimen surface area to be determined by
visual (view plate window) and increase of initial
actuating force as measured by the B, L.H, load cell.

NOTE: Shear load of actuating arm not to exceed
10,000 psi.

Total excursion of moving surfaces shall be + 0. 375
inch as shown in Figure 1. Cycle rate not to exceed
100 cpm.

f. Examine contact surfaces and record any scoring, etc,

ge

Record total accumulated cycles and load conditions on
Table I,

Return the shoe-block assembly to Manufacturing for
surface preparation,

Repeat steps "e'' through "g'. Apply static load to

shoe-block assembly in pressure load increments
shown in Table L,

rage 9
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_ 2
P A" 6,466 cn
TABLE I
WEAR TEST PROCEDURE
Test Unit Number: Date:
Hydraulic|* Approx. | Actuating
Condition|Actuator | Load on. Force Shatt Deflection :i‘otal Remark
Pressure | Block-Shoe| Load Cell | Strain Gage | (inch) chf::- harks
(psig) (psi) (Ib) Readout ¥
310 1000 *
1. Hydraulic piston
area = 6,466 in2
2. Specimen contact
155 500 area = 2 inches,
78 250
* NOTE: 1. Break-away torque measurement of the specimen at the maximum

load condition of column (3) may be used as the starting load for
the initial test run,

Static load conditions may be varied to suit specimen requirement.

10
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44400-7 block assembly.

44400-26 shos assembly.

Vacuum system - 10-1 ¢ 10-2 h: Tange.
Veeco thermocouple gauge - o-31
(CV-1M Gange) - Range 0-1000 misrems.
Actuating fixture - Selar T/M 44400.
Vari-drive wmotor - 1 HP,

View port window (2).

Bydraulic Pressure Cauge - Raage 0-10,000 pat.
Pressure inlet to hydraslic cylimder.
Strain gage location - actuating shafe.
Baldwin-Lima-Hamiltom lead cell and Varian
G~11A Recorder.

Figure 1
WEAR TEST SCHEMATIC
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